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Figure 4.34: Ply Interfaces from Specimen 7

Examining each ply interface in turn, the overall damage pattern can be seen for
specimen 7. For the first ply interface, between the top 0° direction ply and the next 90°
direction ply, a significant portion of the “damage” is merely a product of edge-effects

and the threshold used to isolate damage, as previously mentioned. The small difference
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in angle between the specimen and the imaging plane biased the noise towards one edge
of the plate (in this case, the upper left edge). Despite this, the first ply also indicates real
damage in the form of the “+” shaped damage zone. This damage is a product of the
surface cracks formed from the impact event. This damage penetrates down to the eighth
ply interface, after which it is no longer a significant source of damage. Starting with the
ninth ply interface, the damage tends to extend in the direction of the lower ply, as is
expected. While this generally holds true, some of the ply interfaces (notably interfaces
10 and 11) have a damaged region in the form of an inverted “+” shape, with damage in
the four quadrants around the horizontal and vertical centerlines. This region becomes
less defined on the lower half of the ply interfaces, but the general shape can still be seen.
The inverted “+” shape can be most clearly seen again at interfaces 21 and 22, where it
has increased in size as compared to interfaces 10 and 11. Interfaces 20 through 22 are
also notable for having the greatest corner delamination, which was a product of the
water-jet cutting of the specimens. Interfaces 28 through 30 have a “dog bone” shaped
damaged region in the center, which corresponds to the raised backside damage on
specimen 7. The final ply interface, similarly to the first, has edge-effect noise along one
side. On the back side, however, the noise was biased towards the opposite edge (lower
right in Figure 4.34).

This analysis provides further insight into the differences between the specimens
impacted at different energies. While both the specimens impacted at lower and higher
energies had cracking on the first few ply interfaces, the specimens impacted at higher
energies had a greater extent of crack damage. For specimen 3, cracks only penetrated

through the first four or five ply interfaces. Specimen 7, which was impacted at a higher
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energy than specimen 3, had crack damage through the eighth ply interface. While both
specimens 3 and 7 generally had increased damage lengths with increased depth, the
maximum damage lengths for specimen 7 were larger in magnitude than for specimen 3.
4.3.6 Specimen 8

Specimen 8 had also been impacted at an energy of 29.27 J. The resolution for
the CT scan of specimen 8 was 0.1802 mm/px and produced a stack of 43 images through
the thickness of the plate. From these images, the total unadjusted depth through the
thickness was determined to be 7.21 mm. The maximum damage length was found to be
38.46 mm at a depth of 2.32 mm (relative depth of 3.42 mm), as seen in Figure 4.35.
From image processing, it was found that the maximum internal damaged area occurred
at a depth of 2.55 mm (relative depth of 3.60 mm) from the impacted surface. The
maximum internal damaged area was measured to be 904.3 mm? and can be seen in
Figure 4.36. The black arrow indicates the global 0° fiber orientation, and the damaged
area is boxed in both figures. From the damaged area for this slice, the maximum
damaged volume per slice was 163.0 mm3. The total damaged volume for specimen 8

was found to be 3368.8 mm?3, which was approximately 0.556 % of the total volume
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Figure 4.35: Length of Largest Internal Damage for Specimen 8 (Depth of 2.32 mm)
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Figure 4.36: Segment with Largest Damaged Area for Specimen 8 (Depth of 2.55 mm)

After cutting out the central damaged region of specimen 8, the plate was again
CT imaged. This produced a stack of 90 images through the thickness of the plate at a
resolution of 0.0588 mm/px. From these images it was determined that the scan had a
total relative depth of 5.12 mm and a central measured depth of 4.27 mm. The maximum
horizontal (0° orientation) damage length was found to be 32.65 mm at a depth of 3.49

mm (3.65 mm relative depth) and the maximum vertical (90° orientation) damage length
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was found to be 40.63 mm at a depth of 0.65 mm (0.83 mm relative depth). From image
processing of the cut plate, it was found that the maximum internal damaged area
occurred at a depth of 3.57 mm (3.77 mm relative depth) from the impacted surface and
was measured to be 419.42 mm?, shown in Figure 4.37. In this figure, the black arrow
above the plate indicates the global 0° fiber direction. From the damaged area for this
slice, the maximum damaged volume per slice was 24.66 mm?®. The total damaged
volume for cut specimen 4 was found to be 1515.5 mm?, which was approximately 0.250
% of the total volume of the original plate. For this specimen, the cutting process

induced additional delamination in the upper right corner, as seen in Figure 4.37.
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Figure 4.37: Segment with Largest Damaged Area for Cut Specimen 8 (Depth of 3.57
mm)

To isolate the effect of the water-jet induced damage to the corner of specimen 8,
the damage in that region was isolated and measured. It was found that the cutting
damage had a volume of 218.9 mm?2. Removing this damage from the total measured for
this specimen, it was determined that the total adjusted damaged volume was 1296.6

mm?3, which was 0.2139 % of the volume of the original plate. This was a 14.4 %
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reduction in damaged volume compared to an analysis including water-jet induced
damage.

Similarly to specimen 4, analysis at the ply interfaces for specimen 8 could not be
completed. During CT scanning, specimen 8 was held at a small angle relative to the
imaging plane. This inclination was on the order of millimeters, but due to the high
resolution of the scan resulted in each image cutting across multiple plies. Because of
this the ply interfaces are not uniquely captured in the images, and so an interface-by-
interface analysis was not able to be performed.

4.3.7 Specimens 9, 10, and 11

Specimens 9, 10, and 11 were impacted under the same loading conditions as
specimens 6, 7, and 8, but with a flat DELRIN® tup insert instead of a hemispherical tool
steel tup insert. Therefore, specimens 9, 10, and 11 were impacted at an energy of 29.25
J. These three specimen were imaged in a similar manner to specimens 3 through 8, but
with a slightly improved resolution of 0.1670 mm/px. While this was an improvement
over the resolution of 0.1802 mm/px used for the first six specimens, it was still not fine
enough to capture the 0.1397 mm-thick plies individually.

Even with an increased resolution, the image processing for the three specimen
impacted with the DELRIN® tup insert was not able to identify the internal damage
region. Figure 4.38 shows a colorized image from the interior of specimen 9, with the
black arrow indicating the global 0° fiber orientation. As before, the gradient lines that
appear on the plate boundary can be seen. Due to the relatively extreme angle of the CT
scan, both the gradient lines for the front and the back of the plate appear in the same

image. For this set of specimen the yellow region in the interior of the plate did not
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accurately indicate damage, but instead simply represented noise in the filtered CT
image. Any regions of internal damage were not able to be filtered from the image noise

at this resolution. These results were consistent across specimens 9, 10, and 11.

z
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Figure 4.38: Internal Segment from Specimen 9 (Depth of 4.17 mm)



127

As with the other specimens, specimens 9, 10, and 11 were also cut down to 45
mm square plates taken from the center of the specimens. This produced images with a
resolution of 0.0588 mm/px. While this increased resolution did help reduce the amount
of noise in each slice, no internal impact damage was visible or was able to be captured in
the thresholding process. Only specimens 9 and 11 produced meaningful results at this
size, as specimen 10 was improperly cut on the water-jet. The fixture used to hold the
specimens and the cutting head were not aligned accurately at the origin of the toolpath,
which resulted in specimen 10 being cut improperly. Specimen 10 was still CT imaged,
but no meaningful results were able to be obtained from image processing. A typical
internal slice from specimen 9 can be seen in Figure 4.39, where the black arrow
indicates the global 0° fiber orientation. Also note the damage in the upper left corner of

the specimen, which was delamination caused by the water-jet cutting.
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Figure 4.39: Internal Segment from Cut Specimen 9

4.4 Analysis of Image Processing Results

4.4.1 Overall Results
Overall, the specimens impacted at higher energies developed greater internal

damage. This can be seen in Table 4.1, where specimens 6, 7, and 8 (impacted at 29.27
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J) have greater damage length and volume than specimens 3, 4, and 5 (impacted at 20.77
J). Specimen 9 (impacted at 29.27 J using a DELRIN® tup insert) is included in Table
4.1 so as to show the relative amount of noise measured as damage in the specimens
impacted with the DELRIN® tup insert. For specimen 9, the total damaged volume and
percent damaged volume were most similar to the results from specimens 6, 7, and 8
despite not actually representing anything meaningful. This illustrates that, for
specimens with a low amount of detectable internal damage at low resolutions, the

amount of noise can be on the same order as a typical measurement.

Table 4.1: Full Specimen Damage Measurements

Specimen | Resolution | Max Depth of Max Max Depth of Max | Total % Damaged
[mm/px] Damage Damage Length | Damage | Damage Area | Damaged | Volume
Length (Adjusted) Area (Adjusted) Volume
(mm] | [mm] [mm2] | [mm] [mm?]
3 0.1802 29.73 2.58 1040.9 2.48 2097.0 0.359
4 0.1802 24.62 2.67 226.1 2.40 1331.5 0.214
5 0.1802 26.79 2.49 887.8 2.32 2401.8 0.434
6 0.1802 30.92 2.17 775.3 2.17 2671.3 0.479
7 0.1802 33.43 2.17 1092.0 2.17 3889.0 0.689
8 0.1802 38.46 2.32 904.3 2.55 3368.8 0.556
9 0.1670 N/A N/A N/A N/A 3690.0 0.561

From the impact and full-sized specimen imaging results, shown in Table 4.2,
basic correlations can be drawn. As the impact energy increased, the damaged volume

increased. Damaged volume had a positive correlation with maximum load and
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maximum deflection, but that relationship was generally weak. The graphical relation
between damaged volume and impact energy, maximum impact force, and maximum

displacement can be seen in Figure 4.40, Figure 4.41, and Figure 4.42, respectively.

Table 4.2: Specimen Impact and Imaging Results

Specimen | Impact Max Load | Max Max Damage | Total Damaged % Damaged
Energy [J] | [N] Deflection | Length [mm] | Volume [mm?3] Volume
[mm]
3 20.77 7642.8 5.64 29.73 2097.0 0.359
4 20.77 7752.1 5.53 24.62 1331.5 0.214
5 20.77 7963.2 5.55 26.79 2401.8 0.434
6 29.27 9241.4 6.44 30.92 2671.3 0.479
7 29.27 9192.1 6.54 33.43 3889.0 0.689
8 29.27 9326.0 6.55 38.46 3368.8 0.556
9 29.25 11644.7 6.31 N/A 3690.0 0.561
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Figure 4.40: Damaged Volume versus Impact Energy for All Specimens
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Figure 4.41: Damaged Volume versus Maximum Impact Force for All Specimens
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Figure 4.42: Damaged Volume versus Maximum Displacement for All Specimens

After trimming the specimen to only include the central damaged region and
performing imaging analysis, slightly different results were obtained as seen in Table 4.3.
Note that, while the results presented in Table 4.3 include the damage induced from the
cutting process, the conclusions presented in this section still hold. Conclusions
developed that account for the induced damage are presented in a later section. While the
relative magnitudes of the damaged volume for the cut specimens was roughly the same
as for the full-sized plates, the total damaged volume was found to be smaller when
analyzing the trimmed plates. This can likely be attributed to a reduction in noise from
the increased imaging resolution. Noise is still present in the images for the smaller

specimen, but the amount of noise was greatly reduced relative to the amount of damage
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present. While the percent damaged volume did not change significantly in relative
magnitude, the analysis on the cut specimens did result in smaller percent damaged
volume measurements. This would be expected for a decrease in measured damaged
volume. The graphical relation between damaged volume and impact energy, maximum
impact force, and maximum displacement measured for the cut specimens can be seen in
Figure 4.43, Figure 4.44, and Figure 4.45, respectively. To directly compare the change
in measured damage volume to the impact energy, maximum impact force, and maximum
displacement, the sets of data from both the original and cut specimens were plotted in
Figure 4.46, Figure 4.47, and Figure 4.48. The relative shape of the plots is similar to the
full-sized specimens for specimens 3 through 8. The most significant change in

measured damage occurred for specimen 9, as is reflected in these figures.

Table 4.3: Cut Specimen Damage Measurements

Specimen | Resolution | Max Depth of Max Depth of Total % Damaged
[mm/px] Damage | Max Damage | Damage Max Damage | Damaged | Volume
Length Length Area Area Volume
[mm] (Adjusted) [mm?] (Adjusted) [mm3]
[mm] [mm]
3 0.0588 28.85 3.43 132.51 1.80 868.5 0.149
4 0.0588 28.28 3.54 174.96 2.29 533.8 0.087
5 0.0588 29.54 3.63 289.31 3.02 1057.3 0.206
6 0.0588 39.16 3.23 357.74 1.76 945.8 0.180
7 0.0588 37.06 2.85 494.52 3.01 1213.5 0.227
8 0.0588 32.65 3.49 419.42 3.57 1394.9 0.250
9 0.0588 N/A N/A 94.81 3.59 521.2 0.079
10 0.0588 N/A N/A N/A N/A N/A N/A
11 0.0588 N/A N/A 89.85 3.36 411.0 0.064




134

1600.0
1400.0 -
HE 1200.0 n @ Specimen 3
E .
— L]
o 1000.0 ® Specimen 4
g ® ® Specimen 5
© 800.0
= Specimen 6
gt
g 6000 ® A B Specimen 7
8 400.0 A B Specimen 8
200.0 A Specimen 9
A Specimen 11
0.0

0.0 5.0 10.0 15.0 20.0 250 300 350
Impact Energy [J]

Figure 4.43: Damaged Volume versus Impact Energy for Cut Specimens
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Figure 4.44: Damaged Volume versus Maximum Impact Force for Cut Specimens
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Figure 4.45: Damaged Volume versus Maximum Displacement for Cut Specimens
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Figure 4.46: Damaged Volume versus Impact Energy for Both Sets of Specimens
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Figure 4.47: Damaged Volume versus Maximum Impact Force for Both Sets of
Specimens
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Figure 4.48: Damaged Volume versus Maximum Displacement for Both Sets of
Specimens

The relative magnitude of internal damage remained unchanged for specimens 3,
4, and 5 despite changing in value between the original and cut plate analysis. In
contrast, specimens 7 and 8 changed in rank of which had more damage, with specimen 7
having more measured damage from the original CT scan and specimen 8 indicating
more damage on the cut specimen. Specimen 6 remained stable, with less indicated
damage as compared to specimens 7 and 8. Specimen 9 significantly shifted in relative

magnitude, whereas it originally had the second largest measured damage area but
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reported the smallest damaged area from the higher-resolution scan. From the CT scans
of the original specimens, the damage ranking (from greatest measured damage volume
to least) was: 7,9, 8, 6, 5, 3, 4. From the CT scans of the cut specimens, the damage
ranking was: 8, 7,5, 6, 3, 4,9, 11. While the overall relative damage ranking did not
significantly change, specimen 5 did report more damage than specimen 6, which had
been impacted at a higher energy.
4.4.2 Comparison to Visual Inspection

Comparing the internal measurements to a visual inspection of the specimens, no
meaningful relationship is readily apparent. Table 4.4 lists measurements of damage on
the front and back surface of each specimen as well as the internal damaged volume.
From those measurements as well as the visual characteristics of the damage, the visual
damage ranking was: 8, 7, 6, 3, 4, 5, (9, 10, 11). While the general ranking of some of
the specimens remained consistent, such as specimens 7 and 8 ranking highest for visual
and internal damage, the damage rank for the specimens impacted at lower energies (3, 4,
and 5) were reversed. The visual inspection seemed to indicate that specimen 5 clearly
had the least damage of the three, but both CT analyses agreed that specimen 5 had
greater damage than either specimens 3 or 4. This supports the conclusion that visual
inspection is not sufficient for determination of damage from impact in laminated

composites, and that an internal damage assessment is necessary.



Table 4.4: Visual Damage and Internal Damage Measurements
Specimen | Maximum | Maximum | Maximum | Maximum | Damaged | Damaged
Front 0° Front 90° Back 0° Back 90° Volume Volume
Direction Direction Direction Direction (Original) | (Cut)
Damage Damage Damage Damage [mm?3] [mm?3]
[mm] [mm] [mm] [mm]
3 25 26 27 6 2097.0 868.5
4 16 28 22 3 1331.5 539.2
5 8 24 19 4 2401.8 1141.1
6 34 35 46 4 2671.3 1002.7
7 31 33 47 3 3889.0 1282.7
8 35 44 47 4 3368.8 1515.5
9 N/A N/A N/A N/A 3690.0 521.2
10 N/A N/A N/A N/A N/A N/A
11 N/A N/A N/A N/A N/A 422.2

4.4.3 Delamination from Specimen Cutting

140

For all of the cut specimens, the water-jet cutting process induced damage on one

corner due to the cutting toolpath and stresses. This delamination can be seen at the right

side of Figure 4.49, which shows cut specimen 3. The start of each cut occurred with a

lead of approximately 1 mm from the corner of the cut central region, proceeded around

the edge of the square, and ended approximately 2 mm away from the first/final corner.

On the side opposite the start, a small tab (approximately 1 mm long and 1 mm wide) was

cut so that the small plate segment would not fall into the water-jet reservoir. The water-

jet did start and stop around the tab, but delamination on this region was significantly less

than around the initial corner. This can likely be attributed to free-edge delamination.
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Figure 4.49: Side View of Corner Delamination for Cut Specimen 3

Free edge delamination is a failure mechanism characteristic to laminated
composites and is a product of interlaminar normal and interlaminar shear stresses near
free edges (Jones 1999). When loading a laminated composite plate near the edge, force
and moment equilibrium effects generate large tensile stresses along the edge of the
material. These tensile stresses, which are normal to the plane of the reinforcing fibers
and act over a relatively small area, place loads on the matrix and can cause matrix cracks
in the plane of the plate. As with an impact on the face of the plate, the matrix cracks
tend to spread along interfaces between plies of different orientations. Along the free
edge, this leads to visible edge delamination.

Thus, an explanation for the increased damage around the corner versus the tabs
can be developed. On the start of the cut, some localized damage was induced from the
water-jet piercing the plate. Then, as the water-jet moved to complete the cut and
approached the newly-created free edge, the stresses caused by cutting led to the

development of high tensile stresses along the free edge. These stresses caused matrix
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cracking and edge delamination. Since there was only one cutting pass near the tabs, less
delamination was developed on the newly-cut free edges in that region.

To analyze the effect that this cutting-induced damage had on the damaged
volume results, the corner delamination was isolated for each CT image and measured.
These measurements were then totaled and removed from the total damaged volume for
each specimen, and these results can be seen in Table 4.5. From isolating the cutting
damage, the total damaged volume was reduced by 10.8 to 20.0 % from the initial
measurements on the cut specimens. As nearly one fifth of the damaged volume can be
attributed to the cutting process, this indicates that processing damage cannot be
neglected in damage measurements. Cutting-induced damage analysis was not
performed for specimens 9, 10, and 11 as all measured damage on these cut specimens
was nominally from corner delamination and noise, with no meaningful impact damage

to isolate.

Table 4.5: Cutting-Induced Damage Measurement Results

Specimen | Damaged | Damaged | % Damaged | Cutting- Adjusted Total | Adjusted % Reduction

Volume Volume Volume Induced Damage % Damage | in Damaged
(Original) | (Cut) (Cut) Damage Volume [mm3] | Volume Volume
[mm3] [mm3] Volume [mm?3]

3 2097.0 868.5 0.1489 93.4 775.2 0.1329 10.8

4 1331.5 539.2 0.0867 96.2 443.0 0.0712 17.8

5 2401.8 1141.1 0.2062 201.7 939.4 0.1697 17.7

6 2671.3 1002.7 0.1797 200.5 802.2 0.1438 20.0

7 3889.0 1282.7 0.2271 191.1 1091.6 0.1933 14.9

8 3368.8 1515.5 0.2500 218.9 1296.6 0.2139 14.4




