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Abstract: Damaged and defective fiber-reinforced polymer composites were inspected by
magnetic resonance imaging. Nondestructive examination was conducted with samples
immersed in saline water solution simulating biofluids permanently in contact with load-
bearing orthopedic implants. Size, geometry, orientation and positioning of translaminar and
delamination fractures in the test pieces were characterized. In this regard, translaminar
damages required all primary imaging planes, namely, axial, coronal and sagittal to be fully
portrayed, whereas only sagittal slicing was demanded for entire depiction of delaminations.
Size and spatial distribution of water clusters formed in composite samples, as well as surface
finishing features of the specimens were also outlined. The evaluated imaging technique has
shown high potential for nondestructive inspection of fiber-reinforced polymer parts

operating in liquid proton-rich media.
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1. Introduction

Compared to structural metallic alloys, high-performance fiber-reinforced polymer (FRP)
composites exhibit very low density, high specific stiffness and high specific strength (per
unit mass), low probability of catastrophic fracture, corrosion resistance and remarkable
design flexibility. They are employed in several engineering fields and, therefore, they
operate in high-demanding mechanical, thermal and environmental condition [1].

Increased life expectancy of the human population and the number of victims of traumatic
incidents has boosted the need for advanced materials for implants capable of directing,
complementing or replacing the functionality of human living tissues, especially for load-
bearing (orthopedic) deals. FRP composites have been widely accepted due to their
remarkable versatility for orthopedic applications, allowing for matching the biomechanical
requirements (e.g. stiffness) necessary for long-term periprosthetic implantation.
Biocompatibility of FRP also provides support to the appropriate cellular activity, assisting
the regeneration of soft and hard tissues [2-5].

Permanently and temporarily implanted FRP devices in hard tissue applications include full
hip joint, knee, ankle, toe, shoulder, elbow, wrist and finger, besides intramedullary spine
fusion cage, internal plate for bone fracture repair, cervical, lumbar and femur nails. Excellent
reviews on composite materials in orthopedic implants can be found elsewhere [6-18].
Human body implants have a finite lifespan, typically following long-term use, i.e. fatigue,
in continuous contact with body fluids. However, implants can move, damage, fracture and
therefore stop working properly much earlier than expected [19-30]. In any case,
nondestructive, noninvasive, painless, reliable, non-lethal radiation, fast and high penetrating
power techniques for determining the degree of structural integrity of advanced FRP
orthopedic implants are highly desirable. Multiple examinations with no risk to the patient
health would then be feasible to postpone and even avoid surgeries to replace the implanted
element (i.e., in-service lifetime extension), and provide surgeon guidance towards the best
surgical strategy well before eventual medical procedure [31].

Unfortunately, no nondestructive inspection technique [32] has still satisfied all
abovementioned requirements for in-vivo structural integrity assessment of human

orthopedic FRP implants, which are permanently percolated by hydrogen-rich body fluids.
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Modern computed tomography magnetic resonance imaging (CT-MRI [33,34]) presents
clear advantages over traditional concurrent techniques due to its non-health-threatening
nature (against X-ray radiography and eddy current [35,36]), independence on damage
orientation (as opposite to ultrasonics [37]), unrestricted use with electrically (carbon fiber-
CF) and non-electrically (glass fiber-GF) conductive FRP composites (again contrary to eddy
current [36]) and high penetration power of electromagnetic field (differently from the
surface-confined analysis provided by thermography [38]).

Furthermore, since body fluids are proton-rich compound and quite sensitive to the magnetic
resonance effect, CT-MRI technique is naturally a very promising tool for structural integrity
assessments of FRP implants [39-43,48-50].

Though the medical literature provides some in-vivo magnetic resonance images of
implanted FRP orthopedic devices [12,44-46], none of the articles addressed the
potentialities of MRI to detect and characterize defects and damages. Also, to the best of the
authors knowledge, no in-vitro experiment on this subject has already been conducted and
published in the open literature.

Recently, the authors conducted MRI experiments with contaminated and damaged aircraft
honeycomb sandwich panels, when entrapped hydrogen-rich liquids and crushed core cells
were identified, quantified and discriminated [47]. Following that successful initiative, the
present study evaluates the potential of multi-slice 3D-MRI technique for in-vitro
nondestructive inspection of FRP specimens deliberately damaged under well-controlled

conditions and subsequently immersed in saline solution.

2. Composite laminates and test coupons

2.1 FRP laminates

Three different FRP systems used in bioengineering implants were evaluated in this study,
namely: (i) continuous glass fiber-reinforced thermosetting epoxy resin (EPX-GF) laminate
produced in laboratory scale by vacuum infusing a liquid EPX system (Araldite LY 1316-
2BR resin, HY 1316 hardener and Aradur 2954 curing agent by Huntsman™) in dry fiber

preform composed of 20 layers of 0/90 bidirectional plain-weave fiber fabric (Fibertex™-
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Brazil, areal weight of 200 g/m?) stacked array [0/90]10s. The 3.5 mm-thick laminate was
cured in furnace at 70°C and exhibited fiber volume fraction of 40% and 7% of void content;
(i1) continuous carbon fiber-reinforced thermosetting epoxy resin (EPX-CF) laminate
obtained at industrial-scale via vacuum bag autoclave processing 24 layers of 0/90
bidirectional plain-weave fiber fabric (areal weight of 193 g/m?) previously impregnated with
high performance aeronautical grade EPX system (Araldite LY 5052 resin and Aradur 5052
polyamines mixture by Huntsman™) piled up to [(0/90)/+45,/(0/90)]s architecture. The 5
mm-thick aerospace grade laminate (like Ref. 2) was cured at 180°C and presented nominal
fiber volume fraction of 60%; (iii) continuous carbon fiber-reinforced thermoplastic
polyphenylene sulfide (PPS-CF) laminate manufactured at industrial-scale by hot
compressing (300°C) 16 layers of 0/90 bidirectional 5-harness satin (SHS) CF fabric (areal
weight of 280 g/m?) semi-impregnated (semi-preg) with aeronautical grade thermoplastic
polyphenylene sulfide stacked to [(0/90)/£45,/(0/90)]s array. The 5 mm-thick aerospace
grade laminate displayed nominal fiber volume fraction of 50%.

It is worth mentioning that the use of carbon and glass FRP fiber-reinforced epoxy
composites in biomedical engineering suffered backlash due to concerns about leachable
toxic rest monomers of epoxy resins, though initiatives to reduce their risk to human health
by promoting higher crosslinking densities have more recently been implemented [17,51-54].
Anyways, one must consider that 1980s carbon and glass FRP implants are still in service
[55,56] and deserve to be a matter of interest for in-vivo nondestructive examination.
Regarding polyaromatic thermoplastic polymer PPS, it exhibits superior cytocompatibility
and in-vivo osteogenesis for novel orthopedic implants, besides elastic modulus practically
identical to human cortical bones and lower water absorption [57,58]. Thus, this material will

rival ing with widely employed polyetheretherketone (PEEK) [6,8,10,59].
2.2 Purposely damaged test specimens

Full-thickness (t) test coupons were cut as rectangular tablets from the flat composite
laminates using a water-cooled circular diamond saw. All test pieces were 12.5 mm-width
(w) x 50 mm-length (1). EPX-CF and PPS-CF test coupons were free from manufacturing

defects, as they were fabricated according to the best practices of aeronautical industry. The
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specimens were partially fractured in translaminar (Fig.1-a) and delamination (Fig.1-b)
modes in a three-point bending (3PB) setup (Fig.1-c). A notch was machined in translaminar
test coupons (arrowed in Fig.1-a) to favor subsequent fracture by flexural loading. All
specimens were loaded in bending until their central line deflection attained 1.5 mm (Fig.1-
d). This value is substantially lower than that necessary to completely fracture a femur neck
in laboratory experiments simulating sideways fall-on-the hip position [60]. This means that
a composite orthopedic implanted device can be damaged in relatively common daily events,
while the corresponding bone structure remains intact. Once the EPX-CF and PPS-CF
specimens where intentionally damaged, they were immersed in water-based saline solution.
Regarding the EPX-GF test coupons, no mechanical damage was imposed prior to immersion
in saline solution, since only their hygroscopic behavior was of interest during MRI

inspection due to its high-volume fraction of voids, i.e. defects.

Face exposed to
12.5 mm tensile strcs§es
due to bending

BENDING STRESS (MPa)

0.0 0.5 10 15 2.0 25
STRAIN {mm}

(d)

Figure 1. (a) Translaminarly cracked test piece, (b) delaminated test coupon, (c) experimental
3PB test setup supporting an interlaminar fracture specimen, (d) stress-strain diagrams for
tested carbon FRP laminates.
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3. MRI equipment and protocols

Horizontal 2.0 Tesla superconducting magnet (Oxford Instruments model 85310HR™),
operating at 85 MHz, with 310 mm of internal diameter and equipped with a set of high-
speed X, Y and Z gradient coils was used (Fig.2). Gradient coils operated with efficiency of
0.16 Gauss/(cm.Ampere), producing magnetic field gradients of about 30 Gauss/cm in a
settling time of 160 microseconds. The MRI system operated with Bruker Biospin™
electronics and Paravision™ V console, employing the following protocols for image
generation: 2D-RARE (two-dimensional Rapid Image Acquisition with Refocused Echoes),
commercially known as Turbo Spin Echo, and 2D-FLASH (two-dimensional Fast Low-
Angle Shot).

2D-RARE and 2D-FLASH protocols used in this study enabled the acquisition of two-
dimensional images composed of pixels. The third dimension was explored by stacking
parallel slices, with slice direction field of view (FOV) determined by the interslice distance
and number of slices, which were controlled by the operator.

RARE is a rapid imaging technique that speeds up image acquisition by acquiring more than
one k-space (i.e. array of numbers in the form of matrix representing spatial frequencies in
resonance imaging) line per repetition (i.e. number of times that each excitation step is
reproduced). RARE-type sequence comprises multiple  pulses to create many echoes. By
applying a different phase encoding gradient to each echo, multiple k-space lines can be
collected in each excitation step. The speed up factor is often referred to as the echo train
length, or turbo factor.

FLASH is the first version of a large family of fast gradient-echo methods. It is based on the
application of reduced flip angles for MR excitation, the acquisition of magnetic field
gradient echoes and considerably shortened repetition times. It is one instance of the generic
form of steady-state free precession imaging.

Previous experience with this MRI equipment [47] suggested slice thickness from 1 to 2 mm
and interslice distance 1 mm larger to resolve most of the nuances and details of the inspected
composite specimens. The field of view (FOV) was determined by the two dimensions
defining the imaging plane, with lower FOV values corresponding to higher digital image

resolution, as expenses of longer image acquisition time. Typical spatial resolution provided
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by the MRI device was 0.1x0.1 mm?/pixel, although higher levels of resolution of up to

0.05x0.02 mm?*/pixel were eventually achieved.

Width __ %
Length %
Thickness

(d)

Figure 2. (a) Employed MRI system, (b) empty case of radiofrequency wireless transceiver
antenna, (c) falcon tube containing a composite test coupon ready for examination, (d)
schematic of experimental MRI setup portraying principal inspected planes for a tablet-shape
specimen, namely, A (Axial), S (Sagittal), C (Coronal).

4. Experimental methodologies

4.1 Electrical conductivity measurements

Radiofrequency eddy-currents induced in electrically conductive implants might cause

significant image artifacts in MRI experiments [61]. HP milliohmmeter model 4328a™ was
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used to determine whether the three composite laminates were prone to this detrimental
effect. Electrical resistance of dry specimens was measured according to the four-point probe
method [62], which is applicable when the distance between the probes is small compared to
the specimen size. Probes were located 5 mm away from each other. Resistivity was

calculated using the resistance data and geometry of the specimens.

4.2 Immersion in proton-rich liquid environment

Fractured and defective FRP test coupons were immersed in water-based salt solution
simulating biofluids [63]. After 25 days, the purposely damaged EPX-CF and PPS-CF
specimens were transferred, along with the undamaged, but defective EPX-GF sample to
falcon tubes filled with the same saline solution and then inspected by MRI.

Water absorption curves were obtained for the three laminates up to 110 days of immersion.
4.3 MRI scanning

4.3.1 Electromagnetic interference (EMI)

Preliminary MRI tests with composite-made small-scale containers (Fig.3) immersed in
saline solution were carried out aiming at determining potential EMI shielding due to,

respectively, the high electrically conductive nature of carbon fibers and the dielectric

behavior of polymers, which would possibly cause image artifacts.
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EPX-GF EPX-CF PPS-CF

Figure 3. Mini-vessels utilized for detection of MRI artifacts.

4.3.2 Damaged and defective specimens

Test specimens individually inserted in 50 ml plastic falcon tubes containing saline solution
were loaded to the superconducting magnet (Fig.2a-c). The longitudinal axes of the
rectangular specimens and cylindrical magnet were aligned parallel to one another. It was
also ensured that one of the main (largest) faces of the test coupons would face upward (Fig.2-
d).

2D-RARE and 2D-FLASH protocols for images generation were used, and preference was
given for the best image quality if time expenditure in both setup and imaging steps were not
compromised, which means fractions of an hour for the entire procedure.

Exceptions were long-lasting MRI inspections (up to hundreds of minutes) for highly detailed

surface finish analysis.

5. Results and discussion

5.1 Electrical conductivity measurements

Electrical conductivities of EPX-CF and PPS-CF were, respectively, 1.7 E3 Q.m! and 3.0
E3 Q.m’!, indicating semiconductor-like behavior. A typical value for insulators, E-10 Q.m"

!, was found for the EPX-GF composite.
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5.2 Immersion in proton-rich liquid environment

Figure 4 displays water uptake plots for the three composite laminates tested. As expected,
the EPX-GF laminate exhibited by far the most hydrophilic behavior, followed by EPX-CF
and PPS-CF composites, respectively. Sood & Pecht [64] concluded that water ingress in
glass fiber-reinforced composites mainly occur through the fiber-matrix interface due to
hydrolysis of the silane glass finish, or from residual thermal stresses. According to the
authors, once a path is formed, an aqueous layer can develop through the adsorption,
absorption, and capillary action of moisture at that region.

Regarding the CFRP laminates, it can be concluded that water uptake by the thermoplastic
PPS matrix is significantly lower than the thermosetting EPX one. The high crystallinity of
the former polymer, along with the low affinity of its chemical structure for water explain
this behavior. Conversely, water absorbed into EPX resin associates with secondary hydroxyl

polar group, which is the main water absorption center [65].

w
3]
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()] [\%] (4] w

WATER ABSORPTION, %

0.5
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DAYS OF WATER IMMERSION

Figure 4. Water uptake plots for the tested laminates. saline water solution simulating
biofluids.
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5.3 MRI scanning
5.3.1 Electromagnetic interference (EMI)

Figure 5 portrays longitudinal (at left) and transverse (at right) tomographic views of small-

scale composite containers fully immersed in saline solution.

(b)

(c)

Figure 5. MR tomographic views of: (a) EPX-GF, (b) EPX-CF, (c) PPS-CF vessels immersed
in saline water solution.

As seen in Fig.5-a, the GFRP vessel produces the lowest EMI shielding, which is confirmed
by the high contrast between the solid (dark) and the liquid (bright, i.e. background signal)
phases, as well as the identical aspect exhibited by the inner and outer fluids. Fig.5-b refers
to the EPX-CF vial, where moderate EMI noise causes somewhat blurred and dull image;
besides, image distortion in one of the vessel corners is clearly noticed. The PPS-CF

container generates the highest EMI signal (Fig.5-c), as revealed not only by small
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differences in appearance between the inner water and the composite walls, but also deviation
from rectilinear projection of the vessel corners.

Comparing the images of, respectively, EPX-GF and EPX-CF containers, one can confirm
the detrimental effects of CF on MR inspection. On the other hand, by confronting EPX-CF
and PPS-CF images, the more adverse effect of the thermoplastic matrix over the
thermosetting one becomes evident.

EMI analysis outcomes are, therefore, in full agreement with electrical conductivity values

provided in Section 5.1.

5.3.2 Damaged and undamaged specimens

Water absorption and surface texture analyses

Water absorption analysis relies on Figs 6a-e, which refer to defective EPX-GF test coupon.
Fig.6-a shows a tomographic C-view taken at the mid-thickness (t/2) position. As
intrinsically insulating (Section 5.1 and Subsection 5.3.1), this composite material practically
does not produce EMI noise, so that no image distortion occurred. The absorbed saline
solution (white spots) is confined in evenly distributed cellular compartments, apparently
resembling the 0/90 bidirectional plain-weave array of the continuous GF fabric reinforcing
the EPX resin matrix.

Figure 6-b presents a S-view at the mid-width (w/2) position. Numerous discrete white spots
confirm that the EPX-GF laminate absorbs large amounts of liquid, thus confirming results
supplied in Fig.4.

Figures 6¢-e exhibit tomographic A-views (displaced 0.5 mm relative to each other) at the
mid-length region of the specimen. Again, a regular pattern of preferential liquid absorption
sites is noticed, though it changes as the cross-section position shifts along the longitudinal
(specimen length) direction.

Less than 35 minutes were spent to acquire this set of images using 2D-RARE protocol with
15 repetitions, 27 x 27 mm? FOV, 256 x 256 pixel matrix size and 14 ms echo-time.

It can be assumed that a more extensive set of images obtained by a series of parallel

inspection slices might allow one to estimate the volume of absorbed saline solution. Indeed,
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the authors succeeded in this task using elementary free image processing software during

the assessment of honeycomb sandwich panels via MRI [47].

Figure 6. Water absorption analysis of defective EPX-GF specimen: (a) C-view at the
specimen mid-thickness, (b) S-view at the specimen mid-width, (c-e) parallel slices
according to A-view at the specimen mid-length. Surface texture analysis of translaminarly
fractured PPS-CF test coupon: (f) C-view, (g) more detailed C-view due to longer acquisition
time, (h) S-view, (i) C-view of undamaged EPX-GF specimen.
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Surface texture analyses of FRP structural components is of utmost importance in several
fields of application, as human orthopedic implants since it must enable and actively support
bone tissue regeneration process [4,16].

To exam surface textures of the FRP herein tested, thin slice thickness (0.25 to 0.5 mm) were
programed. Besides, perfect alignment between the MRI slice plane and the analyzed surface
was guaranteed.

Figure 6-f shows superficial C-view of PPS-CF test coupon exhibiting translaminar fracture
imaged via 2D-RARE protocol with 7 repetitions, 70 x 30 mm? FOV, 256 x 256 pixel matrix
size and 14 ms echo-time; image acquisition time was 40 min. The fracture-induced
machined notch is highlighted by the square dotted frame at the right side of the image; at
the left, crush damage caused by direct contact with the steel-made central loading pin of
3PB test device is displayed in the square dashed frame.

By using the same test coupon and tomographic view, a higher resolution image is shown in
Fig.6-g. 2D-RARE protocol with 20 repetitions, 70 x 30 mm? FOV, 1024 x 1024 pixel matrix
size, 14 ms echo-time was used for this purpose. Image acquisition time was 160 minutes
aiming to depict the subtlest surface scratches.

The crush damage shown in Fig.6-f is depicted as superficial S-view in Fig.6-h (square
dashed frame). 2D-RARE protocol was employed with 20 repetitions, 70 x 30 mm? FOV,
1024 x 1024 pixel matrix size, 14 ms echo-time, taking the longest acquisition time of 200
min.

In Fig.6-1, superficial C view exhibits the texture of undamaged EPX-GF test piece, were
near-surface entrapped voids generated by volatiles release during chemical reaction of

bicomponent EPX resin are clearly seen.

Translaminar and delamination fracture analyses

Translaminar fracture analysis invokes Figs 7a&b, which refer to the EPX-CF laminate.
Fig.7-a (large square dashed frame) portrays tomographic C-view at the mid-thickness of the
damaged specimen; 2D-RARE protocol with 5 repetitions, 50 x 40 mm? FOV, 312 x 312
pixel matrix size was utilized to enhance scanning speed (total scan time around 20 minutes)

while still maintaining appropriate spatial resolution. The same fractured laminate, but in S-
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view, is depicted in Fig.7-b (small square dotted frame). The through-the-width image-slice
was at one-quarter (w/4) from the notched-side of the test coupon. At that position, crack
opening displacement was still distinctly detectable by MRI, since the damage extended
perpendicularly to the specimen length direction.

Delamination fracture analysis requests Figs 7c-e. Fig.7c refers to a tomographic S-view of
EPX-CF laminate presenting interply delaminations (rectangular dotted frame) at the mid-
length portion of the test coupon. 2D-RARE protocol with 8 repetitions, 160 x 40 mm? FOV,
312 x 312 pixel matrix size and 11 ms echo-time took 25 minutes for the entire imaging

Pprocess.

(d)

Figure 7. Translaminarly fractured EPX-CF specimen: (a) tomographic C-view at mid-
thickness of the test coupon, (b) S-view at one-fourth width from the notched side of the
specimen. Delaminated FRP specimens: (¢) S-view of EPX-CF via 2D-RARE protocol, (d)
S-view of EPX-CF via 2D-FLASH protocol EPX-CF via 2D-FLASH, (c) S-view of PPS-CF
laminate.
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Figure 7-d differs from Fig.7-c in that 2D-FLASH protocol was used towards a shorter
exposure time (18 minutes) by applying 10 replications, 160 x 40 mm? FOV, 192 x 128 pixel
matrix size and 5 ms echo-time. Although higher scan rate implied loss of image quality, it
did not prevent one from determining the number of delaminations (which is significantly
higher in the EPX-CF laminate, since it contains much more individual plies than PPS-CF,
as previously described in Section 2.1) and their length, which are fundamental inputs for
practical and theoretical failure analyses of structural composite laminates [66,67]. The extra
7 minutes expended by the former protocol seems to be justifiable when multiple scans are
demanded in structural integrity assessments.

Fig.7-e corresponds to a tomographic S-view of thermoplastic PPS-CF laminate via 2D-
RARE imaging protocol. The same operational parameters and acquisition time as for the
thermosetting EPX-CF laminate in Fig.7-c were utilized. Good image quality was also
obtained, indicating that 2D-RARE protocol is suitable for delamination-damage inspection
in both classes of polymer matrix composites. Still regarding Figs.7c-e, the number of
delaminations present in EPX-CF composite is larger than in PPS-CF laminate.

It is worth mentioning that delaminated FRP coupons would hardly require other than S-view
for a full fracture portrayal. This fact constitutes a significant advantage over translaminarly
fractured laminates, which invariably demands at least two basic imaging planes to fully

delineate this kind of damage.
Unbalanced crack growth

Figures 8a-d present a special situation wherein unbalanced translaminar fracture growth
developed in EPX-CF test coupon submitted to 3PB test. Four C-view parallel slices at
different through-the-thickness positions of the test specimen reveal dissimilar crack lengths
and corresponding crack opening displacements.

Figure 8-e¢ discloses an A-view taken at the specimen mid-length (1/2) position, i.e.
corresponding exactly to the crack propagation plane. The notch location and the crack
growth direction (dgd) are indicated in this picture. The whitish region next to the notch
corresponds to saline solution-rich area, demonstrating that the liquid phase does not spread

throughout the test piece thickness. This is in full agreement with the crack front profiles
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shown in Figs8a-d. The largest crack opening displacement (related to the longest crack
profile) in one flank of the specimen favored water ingress into the crack (high responsive
magnetic resonance region), while in the opposite flank the smallest crack opening
displacement (related to the shortest crack profile) prevented water ingress, therefore

reducing magnetic resonance signaling in that area.

Machined
R
Notch

()

Figure 8. Translaminarly fractured EPX-CF specimen presenting asymmetrical through-the
thickness crack propagation: (a-d) from the longest to the shortest crack length (respectively,
largest and smallest crack openings). Different crack growth profiles: (e) translaminar
fracture, (f) delamination in EPX-CF specimen. Translaminarly fractured EPX-CF specimen:
(g-j) S-view images at four different through-the-width positions, respectively notch tip, 30%,
40% and 50% of w.
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Figure 8-f depicts similar case related to PPS-CF test coupon, but differently from Fig.8-e no
translaminar crack growth developed, but instead a large delamination. Hence, ingress of
water allowed MRI depiction of the interply damage (whitish area).

Figures 8g-j show some stages of crack/damage progression in the EPX-CF test coupon, as
captured by means of tomographic S-views. For this purpose, parallel slices were imaged,
respectively, at four different distances from the notch tip, namely, 1, 3, 4 and 5 mm. The
non-symmetrical through-the-thickness crack growth is noticeable, confirming again MRI
images in Fig.10. The right-hand side leading edge (indicated by white arrows in Fig.11d-f)
is always discernible, whereas the left-hand forefront trends to fade away. Therefore, Fig.8
corroborates previous findings regarding translaminar fracture imaging by MRI (Subsection
“Translaminar fracture analysis”), which established that at least two primary view-planes
must be used to fully portray that damage type.

It is worth mentioned that research findings here reported can be extended to many
engineering applications of composites (other than bioengineering) operating partially or
fully immersed in rich-proton media like offshore oil drilling platforms, deep-water
structures, bridges, large and / or thick-walled composite marine crafts, and overwrapped

pressurized vessels for scramjet engines [68-73].

6. Conclusions

This study evaluated the potential of multislice 3D Computed Tomography Magnetic
Resonance Imaging (CT-MRI) for in-vitro nondestructive inspection of glass (G) and carbon
(C) fiber-reinforced polymer (FRP) specimens deliberately damaged under well-controlled
conditions and subsequently immersed in saline solution simulating biofluids. Main
conclusions are as follows:

1. 2D-RARE protocol has proven more adequate than 2D-FLASH for nondestructive
MRI examination of translaminar and delamination damages in FRP laminates.

ii. GFRP was more properly imaged by MRI than CFRP due to its lower electromagnetic

interference, though carbon fibers did not prevent acquiring good-quality MRI images.
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iii. Translaminar and delamination damages can be characterized via MRI in terms of
their size, geometry, orientation and positioning in the test pieces.

iv. Surface texture features in CFRP, as well as inner water-rich clusters in GFRP
laminate were also well delineated via MRI.

v. Translaminar damage demanded at least two of the three primary MRI tomographic
planes (axial, coronal and sagittal) to be fully depicted, whereas delamination damage
required just one basic tomographic plane for its entire characterization (sagittal).

vi. Based on the achieved results, MRI is envisioned as valuable nondestructive imaging
tool for in-field (in-situ) and laboratorial (ex-situ) inspection and failure analysis of structural

FRP laminates operating in hydrogen-rich liquid environments.
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