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With the advancement of testing tools, the ability to characterize mechanical properties of fiber reinforced polymer (FRP)
composites under extreme loading scenarios has allowed designers to use these materials in high-level applications more
confidently. Conventionally, impact characterization of composite materials is studied via nondestructive techniques such as
ultrasonic C-scanning, infrared thermography, X-ray, and acoustography. None of these techniques, however, enable 3Dmicroscale
visualization of the damage at different layers of composite laminates. In this paper, a 3D microtomographic technique has been
employed to visualize and compare impact damage modes in a set of thermoplastic laminates. The test samples were made of
commingled polypropylene (PP) and glass fibers with two different architectures, including the plain woven and unidirectional.
Impact testing using a drop-weight tower, followed by postimpact four-point flexural testing and nondestructive tomographic
analysis demonstrated a close relationship between the type of fibre architecture and the induced impact damage mechanisms and
their extensions.

1. Introduction

During experimental analysis of impact behaviour of FRP
composites, it is common to use nondestructive/destructive
detection methods to investigate the induced damage modes
and their extension in test samples. Different nondestructive
methods have been used in the literature, from simple visual
methods [1–5] to more complex thermal- or electrical-based
[6–9] methods, ultrasonic C-scanning [10–13], and X-ray
imaging [14–16]. Each method has its own advantages and
disadvantages and may be suitable for a particular appli-
cation/material type. Nevertheless, a common limitation of
these methods is that they are generally unable to give a full
3D image of the interior part of the material, hence making
it difficult to provide complete information regarding the
location and extent of different damagemodes such asmatrix
cracking, fiber breakage, fiber pull-out, fiber-matrix debond-
ing, and delamination. On the other extreme, the destructive

methods have been of less desire for sensitive applications as
they can be the source of additional damage in the impacted
zone of structures such as fiber breakage, fiber pull-out, or
delamination growth.The previous shortcomings can be well
addressed by using today’s advancedX-raymicrotomography
techniques (XMTs), which is the main focus of this paper.
Namely, the present work aims at a detailed comparison of
damage state in impacted woven fabric and unidirectional
thermoplastic laminates via XMT, thereby arriving at a
correlation between the observed damage distributions and
the underlying reinforcement type.

1.1. Historical Background. X-ray microtomography tech-
nique (XMT) is known as a nondestructive technique for
3Dmicrostructure reconstruction and visualization of the in-
terior parts of objects with a resolution in the order of
micrometers. Johann Radon, a Czech mathematician, was
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Figure 1: (a) Schematic of macrotomography used in medical examinations; (b) helical body scanning [17].

Figure 2: A high precision saw cutting the composite sample in the
mid plane where the damage zone is present.

the first scientist who conceived a mathematical solution
for the reconstruction of X-ray images in 1917 [17]. Allan
Cormack, a South African physicist, continued the previ-
ous work and developed an algorithm for the geometrical
reconstruction problem at Tufts University in 1964. Follow-
ing this, Godfrey Hounsfield built the first CT (computed
tomography) scanner at EMI Research Labs in the UK in
1972. It is worth mentioning that Cormack and Hounsfield
received Nobel Prize in 1979 because of their contributions
in building the first CT scanner and its effect on medical
imaging applications [17]. Figure 1 shows a schematic of the
macrotomography technique that today is used in medical
examinations. Medical CT scanners use a point source X-
ray and an array of detectors. The patient body is inserted
into the machine chamber. At the same time X-ray source
and detectors rotate around the body and collect the X-ray
images, that is, helical body scanning.

Because of the sensitivity of humanbody to high radiation
exposure, the energy and dosage of X-rays in these machines
are set to be low and as a result the ensuing image resolutions
are often low [18]. This limitation led Elliot and Dover in
1982 to build a more precise machine with higher exposure
capability and image resolution (12 𝜇m) for industrial appli-
cations and microanalyses [19]. Another difference between
the industrial microtomography machines (XMT) and the
medical CT scanners is that the X-ray source and detectors
in XMT machines are stationary and the sample rotates.
Depending on the need, one can set the machine to take
several thousands of scans in a complete rotation of the

Figure 3: Comparison between the real impacted sample and
the images obtained from nondestructive microtomography and
destructive optical microscopy; red circles are to show comparable
damage zones captured by the two methods.

sample between 0∘ and 360∘. Subsequently, postprocessing
software is used to reconstruct the 3D image of the sample
which contains all geometrical information of the interior
microstructure.

1.2. Example of XMT for Composites. Before presenting the
conducted case study, let us illustrate a general example of an
XMT image (obtained by Xradia microXCT-400 machine)
as compared to an image obtained from the same sample
through a destructivemethod. Namely, an impacted compos-
ite sample was cut with a slow speed diamond saw (Figure 2)
and the cross-section of the impacted zone was examined
by an optical microscope (Figure 3). In the nondestructive
counterpart of this analysis, the specimen needed no physical
cutting and the XMT image (Figure 3) shows a slice (virtual
cut) of the 3D image of the material microstructure in
the midplane. The comparison of the two images shows
that microtomography has captured the interior damages
reasonably well. Slight differences between these images can
be due to the damage induced during the cutting process in
the destructive method (microscopy) such as fiber breakage,
fiber pull-out, cracking, compressing or opening the delam-
inated layers, which in turn implies an advantage of using
tomography as a nondestructive method. Additionally, in
the destructive method the cut sample may not be used for
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Figure 4: Example of the histogram of XMT analysis in an impacted laminate; the varying severity of fiber distortion, matrix cracking, and
delamination can be noticed depending on the distance from the impact center.
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Figure 5: Set-up used during (a) the drop-weight impact testing and (b) postimpact four-point bending.

further investigations at different planes, whereas in the XMT
the virtual cutting plane can be moved over the sample to
scrutinize the microstructure in arbitrary sections. Figures
4(a) to 4(d) show the trend (histogram) of such interactive
analysis for four different cutting planes (namely, at different
distances from the specimen center). EachXMT slice has four
subimages (top, front, and left views). The cutting planes are
shown by red, blue, and green lines. Figure 4(a) reveals the
damaged cross-sections when the top and left cutting planes
(blue and red lines) are far from the impact center as noted
in the front view. Figure 4(b) shows the tomography slice

when the top cutting plane (blue line) was placed near the
impact center. In Figure 4(c), the left cutting plane (red line)
was moved towards the impact center and in Figure 4(d) the
left cutting plane was almost at the center where most of the
damage is noticed from the side view.

2. Case Study

2.1. Sample Preparation. Two sets of test samples were pre-
pared using vacuum bagging to laminate 12 layers of poly-
propylene/E-glass preform (with a fiber volume fraction
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Figure 6: The average response curves of PW and UD samples subjected to 200 J impact loading; (a) impactor force versus time, (b) force
versus displacement, (c) energy versus time, and (d) the postimpact flexural test results.
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Figure 7: Rear face of the PW and UD samples subjected to 200 J impact energy.
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Figure 8: Ultimate flexural strength comparisons before and after
impact tests on UD and PW laminates.

of 60%–70%) using two different reinforcement patterns
including the plain woven (PW) and unidirectional (UD).
The laminates’ size was chosen for impact testing based on
ASTM D7136 [20] with a rectangular shape (150 × 100mm)
and the total thickness of 6mm.

2.2. Impact and Postimpact Flexural Testing. Each composite
laminate type (PW or UD) was tested under a drop-weight
tower (Figure 5(a)). Impact tests were conducted using
Dynatup Model 8200 impact machine with a hemisphere
projectile of 1 inch in diameter and 12.26 kg mass. Each test
was repeated twice and all four sides of the specimens were
completely clamped during the impact event. The impact
energy was kept constant at 200 J. Force history during
the impact event was collected by a load cell, a quartz
piezoelectric force sensor, mounted on the impactor. The
acceleration of impactor as a function of time, 𝑎(𝑡), was
calculated by Newton’s second law of motion (1) from the
collected force history 𝐹(𝑡) and the impactor mass𝑚:

𝑎 (𝑡) =
𝐹 (𝑡)

𝑚
. (1)

The velocity V(𝑡) and displacement of impactor 𝑥(𝑡) were
found by numerical integration as

V (𝑡) = V
0
+ 𝑔𝑡 − ∫

𝑡

0

𝐹 (𝑡)

𝑚
𝑑𝑡,

𝑥 (𝑡) = ∫

𝑡

0

V (𝑡) 𝑑𝑡,

(2)

where V
0
is the velocity of impactor at the time of hitting

the sample measured by an infrared velocity detector; see
[21] for more details of drop-weight test kinematics. After
impact testing, a postimpact four-point flexural experiment
(Figure 5(b)) was conducted on each specimen. The motiva-
tion was to study the postimpact resistance of the impacted
composite laminates for their potential application, for
example, as a highway guardrail between inspection/repair
intervals and also to find the deterioration of their effective

mechanical properties due to the impact event. All the results
presented in the next sections are normalised with respect to
the fiber volume fraction.

2.3. Results of the Impact and Postimpact Bending Tests.
Figures 6(a) and 6(b) show the average contact force and
displacement of projectile from repeats of the test. In compar-
ison to UD samples, Figure 6(a) suggests that PWhas exerted
more force to the impactor. The energy has been calculated
via

𝐸 (𝑡) = ∫

𝑥(𝑡)

0

𝐹 (𝑡) 𝑑𝑥 (3)

where 𝐹 is the reaction (contact) force and 𝑥 is the
impactor displacement. Figure 6(c) shows the average energy
of impactor for the two experiments. Subtraction of the
energy of impactor at the time of hitting the sample (200 J)
from that at the rebounce indicates the dissipated energy
due to permanent damage in the material. This energy is
represented by the area trapped between the penetration
and rebound curves in Figure 6(b) or the final flat energy
level in Figure 6(c) after about 8ms. According to these
diagrams, UD laminates have absorbed more energy than
PW laminates. Hence, it may be concluded that the absorbed
energy has been decreased by increasing the reinforcement
waviness from unidirectional to plain weave pattern, given
comparable laminate thicknesses and fiber contents.

Figure 6(d) shows the average results of flexural testing
for impacted samples. It confirms that the impacted plain
woven composite has withstood postimpact bending forces
much better than the impacted unidirectional composites.
For comparison purposes, the four-point flexural testing was
also performed on PW and UD healthy samples (i.e., before
impact damage). Accordingly, Figure 8 indicated that the
deterioration percent of ultimate flexural strength due to
impact is 19% for the PW material and 32% for the UD
material.This result is in agreement with the energy results in
Figure 6(c): themore the absorbed energy by thematerial, the
higher the deterioration of effective mechanical properties of
the sample after the impact. Hence, we can conclude that UD
samples have been damaged more severely than PW samples
under impact. However a question would then be why is the
visible (exterior) damage in PWsamplesmuchmore apparent
than UD samples as illustrated in Figure 7? XMT technique
was employed to answer this question as it can illustrate the
interior damage of the samples.

2.4. XMT Results. As addressed earlier, X-ray microtomog-
raphy tests were conducted using Xradia microXCT-400
machine with sample dimensions of 6 × 40 × 120mm.
Table 1 shows the acquisition parameters and the test set-up
used during tomography. Images obtained by this technique
comprised 1024 × 1024 pixels of 33.57 𝜇m.

Figures 9(a) and 10(a) show the XMT images of PW and
UD laminates at selected cross-sections. Figures 9(b) and
10(b) show a 25mm × 10mm window cropped from the top
and left cross-section views of PW and UD specimens. Fiber
layers are also marked in these images. Figures 9(c) and 10(c)
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Figure 9: (a) XMT image of the impacted PW laminate (top view at the impact center, left view at 10mm from the impact center, and front
view close to the rear side of impact), (b) enlarged top view within a cropped window of 25mm × 10mm, and (c) the processed image of top
view at the impact center (for subsequent damage quantification purposes).
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Figure 10: (a) XMT image of impacted UD laminate (top view at the impact center, left view at 10mm to the impact center, and front view
close to the rear side of impact), (b) enlarged left view within a cropped window of 25mm × 10mm, and (c) the processed image of left view
at the impact center.

Table 1: Tomography acquisition parameters used during imaging.

X-ray source Detector Tomography setup

Power = 10watt
Voltage = 62 kV
Current = 155𝜇A

Magnification
= 0.39 X
Filter: No

No. of radiographs = 630
images
Angle of rotation: −110∘ to
110∘
Illumination time = 1 s per
radiograph

represent Figures 9(b) and 10(b) after image processing using
BuehlerOmnimet 9.5 software.The image processing enabled
measuring the damage areas quantitatively. The green and
dark red regions in Figures 9(c) and 10(c) indicate the healthy

and damaged regions, respectively. Figure 9(c) suggests the
presence of several delamination sites, matrix crushing, and
separations (branching) of fiber bundles within inner layers.
This view also shows fiber breakage of two layers close to the
impact center as well as a large delamination between the
third and fourth layers.

A set of virtual rulers were placed in the top and left
views of both Figures 9(a) and 10(a) with the total lengths
of 28, 24, . . .,4mm. These rulers were used as indicators for
subsequent image analyses to cut the 3D XMT images from
−14mm to +14mm distance from the impact center with
a spacing of 2mm. Images obtained from these cuts on
one side of the impact center are presented in histogram
forms (Figures 11 and 12). The useful length of field of view
in collected tomography images was considered to be 20mm
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Figure 11: XMT top view histogram of the impacted PW and UD laminates.
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Figure 13: A cross-section of the impacted UD laminate showing a
large through-thickness crack and clear delamination sites. A similar
crack was observed in all test repeats for this material.
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Figure 14: Area fraction of damaged zones in the impacted UD and
PW samples, as function of distance from the impact center.

(to avoid edge effects that deteriorate the image resolution);
hence the results in Figures 11 and 12 were included up to
10mm (on one side) from the impact center.

Comparing results in Figures 11 and 12, it is first noticed
that the states of damage at the top and left cross-sections
are not generally identical, given the same cut distance from
the impact center (specially for the UD sample). This is
most likely because of the nonsymmetric impact boundary
condition during the drop-weight tests due to the nonsquare
shape of the fixture (130 × 80mm). Expectedly, cracks and
delaminations have been propagated longer in the direction
with larger specimen dimension, which lays on the left view

of tomography images. As the cutting plane goes farther from
the impact center, we notice that the PW sample appears to be
more andmore undamaged (comparable to the healthy state).

For UD laminates, from Figure 10(a), no severe local
damage is observed under the impact center. There were,
however, well-distributed small dark regions (dots) on the
top view (see Figure 11 for results). Each of these dark
regions would correspond to a delamination which can be
traced in the corresponding left view in Figure 12. It was
interesting that, in contrast to the PW laminate, if we go
far from the impact center (up to 10mm which was the
maximum useful field of view), there still exits evidence of
some locally delaminated zones in the UD laminate and
their intensity does not decrease rapidly. This means that
the extent of damage in the UD laminate in the form of
several microdelaminations would be higher than that in
the PW sample. Comparing the top view histograms of
UD and PW laminates in Figure 11, another main difference
between the two impacted materials is revealed: a very large
through-thickness crack and fiber breakage have occurred
in the UD laminate starting from the impacted face of the
sample (marked with a white arrow in Figure 13). In fact, the
calculated larger magnitude of absorbed energy in the UD
laminate, 57.218 J versus 36.2 J for the PW sample, also shown
in Figure 6(c), could be linked to this large through-thickness
crack and fiber breakage in addition to the aforementioned
distributed local delaminations across the sample. It should
be added that a similar crack was visible in all test repeats of
the UD material. Relating to the reinforcement architecture,
the high waviness in the plain woven laminates would act as a
barrier against impact pulse.On the other hand, flatUDfibers
have allowed the impact wave to propagate from the center to
the structure more easily without a large local damage under
impactor.

Figure 14 shows the area fraction of damaged regions
(dark zones) obtained quantitatively from processed images
in Figures 11 and 12. Each data point in Figure 14 has been
calculated from the average response of the two cross-
sections located symmetrically with respect to the impact
center. According to the observed trends, the inner damaged
area of PW samples decreases linearly by the distance from
the impact center. Interestingly, in contrast to the PW sample,
the damage faction of the UD sample has not varied notably
by the distance from the impact center—it is nearly constant
after 2mm across the sample within the given field of view.
This result, in turn, confirms that the damage distribution has
beenmore uniform in theUD sample. Also Figure 14 suggests
that the damage fraction of UD samples has been overall
lower than PW samples. On the other hand, as discussed in
the previous sections, the deterioration of effective mechan-
ical properties from the healthy to impacted samples has
been more severe in the UD material (also this material has
absorbed more energy as shown in Figure 6(c)). This means
that for impact damage analysis and its linkage to the residual
mechanical properties in the samples, next to the damaged
area, one should look into other associated parameters. One
of these key parameters is the corresponding damagemode to
each damaged area. Although there is no evidence of severe
local damage under impact centre in UD samples, the very
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large through-thickness brittle crack and the associated fiber
breakagemode, alongwith the distrusted delaminations, have
played a significant role in the absorption of impact energy in
this material.

3. Conclusions

PP/glass thermoplastic laminate samples were made using (i)
unidirectional fibers (UD) and (ii) plain woven (PW) fabrics
and subjected to 200 J impact energy as well as postimpact
four-point bending. UD specimens absorbed (dissipated)
more energy than the PW laminates.This was despite the fact
the UD samples showed no or very little visible damage area
in the outer faces. X-ray microtomography technique (XMT)
was used to investigate the damage and its distribution inside
the specimens. XMT analysis showed that the impact energy
has been absorbed to create a severe local damage under
the impact center of PW laminates, whereas well-distributed
delamination zones were found across the unidirectional
laminates even far from the impact center. The reason
would be that unidirectional fibers allow the impact wave
to propagate more easily through the structure, whereas the
waviness of woven fabrics can act as a barrier for damage
propagation. A large through-thickness crack was also seen
inside the UD sample, which has broken 6 out of 12 layers of
the laminate. In summary, this case study suggests that the
rear side visible damage in impacted FRP laminates cannot
represent the entire damage extension and the associated loss
of effective mechanical properties (here identified through
postimpact flexural testing). Microcracks and distributed
local delamination sites “inside” the samples can significantly
contribute to the dissipation of impact energy. A powerful
nondestructive inspection method such as XMT can be used
to visualize and quantify the damage state and its extent
inside the specimens in 3D. Some clear differences were seen
between damage states inside the impacted UD and PW
laminates and suggested that reinforcement selection should
be made with ultimate care depending on the objectives of a
given impact application. A worthwhile future study may be
the XMT analysis of hybrid laminates with varying thickness
and reinforcement architecture subject to different levels of
impact energy.
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