Non-invasive Structural Analysis of High-performance Sail

Fabrics by Means of Phase-contrast X-Ray Imaging
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Abstract

High performance sail fabrics cannot be studied with conventional X-ray imaging set-ups because of their low absorption,

while other techniques do not give a full insight of the inner structure of the material. We show preliminary results of the

application of phase-contrast X-ray imaging to the study of modern laminate sailcloth.

1. Introduction

The standard type of sail construction until
the 1980s has been the crosscut kind, which utilizes
panels oriented from luff to leech. The standard
material for this kind of sails is woven polyester
(better known by duPont trademark for the fibber
Dacron®). Woven clothes are relatively cheap,
simple and manageable, very slow to breakdown,
but do not hold the original sail shape particularly
well under load. Ultimate strength of materials is a
limiting factor, and stretch is high by comparison to
composite materials. Today's cloths include not only
the familiar woven polyesters and woven nylons in
various weights and finishes, but also “oriented”
constructions such as Triradial, Genesis™, 3DL™,
Cuben Fiber and Tape-Drive®. Oriented means that
some attempt is made to align the load bearing fibers

in a given material with the primary load paths.
These constructions demand composite laminate
materials [1]. Laminates are sailclothes in which
some cloth or yarns are glued to one or more layers
of Mylar®, Tedlar® or PEN® (extruded Pentex®)
films. Laminates can be made with a wide range of
yarns (PBO Zylon®, carbon fiber, aramid-based
materials such as Kevlar®, Twaron® and
Technora®, Spectra®, Dyneema®, Cetran®,
Vectran®, Pentex®, Polyester, Nylon®) which are
responsible of the final behaviour of the cloth in
terms of initial modulus (ability to resist stretch),
tenacity (initial breaking strength), flex life (a
measure for the ability to resist flexing and folding),
elongation (elongation at break is a measure of the
ability to resist shock loads), and UV-resistance. To
shield these materials from harmful light, cloth
manufacturers often protect the yarns with dyed
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Mylar® [2]. In order to fully understand the
performance of a sail, three approaches are
necessary. In the pursuit of better aerodynamics sails
with sophisticated fabric/panel layouts that perform
over a broader range of conditions and have a longer
life, sail designers usually turn to computer model
sail simulations for solutions and answers. Codes
like RELAX (authored and maintained by Peter
Heppel of PHA) can simulate sail designs, fabric
types, panel layouts and conditions all of which
allow to better understand the dynamics of a given
sail, without the expense of building large scale
prototypes. This kind of analysis is usually reserved
for offbeat and/or the sophisticated sails that fall out
of the bounds of normal database structure. On the
other extreme, manufacturers can observe the
microstructure of single fibers at micron- or
submicron-resolution, in order to understand fibre
failure under different conditions with electron
microscopes [3,4]. However, it is instructive to
understand the behavior of sail fabrics on a scale of
several millimeters in order to understand and
predict properties such as uniaxial strength, fracture
toughness, impact resistance and hygrothermal
effect, not to mention the effect of UV on the
ultimate behavior of the fabric.

In this spatial regime, scanning electron

microscopy (SEM) has been extensively used to
study the structure of laminate materials, because of
its ability to detect defects at sub-micron level, but
with several drawbacks. The sample preparation
needed for SEM examinations strongly influences
the structure of a soft material and induces the
presence of different artifacts. The electron beam,
moreover, can damage the laminate film, and the
vacuum level of the sample chamber can cause
delamination of the cloth. Optical microscopy is
very useful when applied to transparent cloth, but is
not able to detect defects below opaque fibers or
when UV-resistant films or dyes protect the
sailcloth.
Ultrasonic techniques cannot detect with high level
of precision typical defects such as foreign
inclusions, air bubbles and delamination due to
inconsistent and erratic test responses. Size and
distribution of defects can be seen, in principle, with
X-ray techniques but, because of the light materials
used for sail fabric, the contrast obtained with
conventional radiography is too poor to resolve
these details. In conclusion, an alternative approach
is needed in order to visualize low-absorption
material defects with a lateral resolution of 20 to 100
microns with a field of view of 5 to 25 millimeters.

2. Absorption and phase-contrast imaging

In conventional radiology the image
formation relies on the X-ray absorption properties
of the sample and can be expressed by means of
geometrical optics. The image contrast is originated
by a variation of density, composition or thickness
of the sample and is based exclusively on the
detection of amplitude variation of the transmitted
X-rays. Information about the phase of X-rays is not
taken into account. The main limitation of this
technique is the poor inherent contrast in samples
with low-Z composition: indeed this is the case of
“soft matter” which is considered, in the common
sense, as transparent to X-rays. Contrary to
absorption radiography, ‘“phase-contrast imaging
techniques” are based on the observation of the
phase shifts produced by the object on the incoming
wave. They are described by means of wave optics.
Absorption and phase shifts are effects occurring to
X-rays crossing any kind of materials. Their
relationships is considered in the definition of the
material complex index of refraction n, that in the X-
ray region, slightly differs from unity: n=1- 1 +1i
", where d is related to the refractive properties and
b determines the absorption. In the energy range
between 15 and 25 keV, the phase shift term ! (of
the order of 107) can be up to 1000 times greater
than the absorption term " (of the order of 107'%),
therefore it is possible to reveal phase effects even if
the absorption is negligible (phase objects). The
observation of the local variations in the optical
path-length, determined by variations of !, is related
to Fresnel diffraction. In general, phase information
can be accessed if the X-ray source has a high
spatial coherence as in the case of synchrotron light
sources [5-9] like ESRF or Elettra. Several
approaches for phase-contrast radiology have been
recently reported [10]. Among these, the phase-
contrast radiography technique based on free space
propagation can also be called in-line holography in
analogy with optics [11] and has a quite simple
application: the PHC set-up is the same of
conventional radiography with the difference that
the detector is positioned at a certain distance d from
the sample. The X-rays exiting from the sample
propagate in the free space until they reach the
detector. Free space propagation transforms phase
modulation of the transmitted beam into amplitude
modulation. Contrast is originated from interference
among parts of the wave-fronts that have
experienced different phase shifts. According to the
choice of d with respect to the size a of the feature to
be identified perpendicularly to the beam direction,



one may discriminate between two regimes: the
edge detection regime (d << a’/#, where # is the X-
ray wavelength) and the holography regime (d =
a’#). In the edge detection regime images can be
used directly to extract morphological information.
The produced diffraction pattern  appears
superimposed to the conventional absorption pattern
(if any) on the detector and contributes mainly to
enhance the visibility of the edges of the sample
features.

3. Experimental section

3.1 Thesample
The sample was a 137 gsm film-on-film high
modulus racing laminate with a 45-degree diagonal

scrim. In this kind of sailcloth component fibers are
combined in scrims that benefit from the strengths of

all the fibers used. High modulus Twaron® warp
ribbons provide high strength in the primary load
bearing axis and are used to resist fill loads, while
alternate Spectra® fibers add tear strength to the
finished laminate. Finally a Spectra® diagonal axis
scrim adds bias stability to lock in sail shape [12].

3.2 Experimental parameters

The phase-contrast imaging investigations were
carried out at the SYRMEP beamline [13] of the
Elettra Synchrotron Laboratory in Trieste, Italy. The
sample, mounted on a precision stage, was
illuminated with monochromatic radiation (E = 15
KeV) with a source-to-sample distance of about 24
m and a sample-to-detector distance of 66 cm. The
acquisition time was 1.8 s with an aluminium filter
of 1 mm in order to keep the number of counts
below the saturation level of the detector.

Figure 1. The upper image (a) shows a phase-contrast microradiography (E =15 keV, D = 66 cm) of a 16.8 x 5.3
mm” area of the sample described in the article. The lower image (b) shows the corresponding absorption-contrast

radiography (E = 15 keV, D =2 cm).



These parameters were previously optimized for
phase contrast and resolution by imaging several
samples under different conditions. The detector
used was a cooled CCD camera coupled to a
Gadolinium Oxysulphide scintillator placed on a
straight fiber optic coupler. High dynamic range and

low noise is achieved through 16-bit digitization and
deep cooling, while the 2048 x 2048 pixels CCD is
characterized by a pixel size of 14 pm and a field of
view of 28 mm x 28 mm”.

Figure 2. Zoom of the phase-contrast microradiograph in fig. 1 a) corresponding to a 9.1 x 5.3 mm” area of the
sample. The single fibres of the different ribbons can be clearly distinguished, as well air bubbles and
delamination effects even under the opaque fibres. The different ribbons are 1: high modulus Twaron® fill; 2: high
modulus Twaron® warp; 3: Spectra® ripstop fill; 4: Spectra® diagonal axis.

4. Comparison between different techniques

Figures la) shows a wide area of the sample
(13.5x5.6 mm?) under the experimental conditions
described. The different ribbons can be clearly seen
as well as groups of air bubbles between the Mylar®
films. Figure 1b) shows an absorption-contrast
version of the same area of the sample with the same
source, detector and acquisition time. All the details
and even some of the ribbons are lost because of the
low absorption material of the sample.

Figure 3 shows a smaller detail of the same sample
as seen with an optical microscope, both in
reflection (left) and transmission (right) light. The
spatial resolution of the X-ray image (center) is
clearly limited by the pixel size of the CCD camera

used for this preliminary investigation, but optical
microscopy is not able to detect air bubbles and
delamination below opaque fibers. The field of view
of optical microscopes, moreover, is extremely
limited when the evaluation of long-range
delamination effects is needed.

Another approach uses ultrasound to listen for
duplicate  echoes signifying  delamination.
Ultrasound is rather straightforward on a flat
surface. But at joints -- the critical areas -- the
confusing layers of fiber give confusing echoes.
Moreover, conventional ultrasonic testing of
composites is associated with some drawbacks such
as absorption of acoustic couplant in a porous
structure leading to inconsistent and erratic test
responses and detection of multiple defects which



are close by. Dry coupling technique relies upon
redirected sound energy rather than simple reflected
energy. The ultrasonic energy is coupled between
the probes and the material by special plastic pads,
thus eliminating the need for coupling media. When

a wide spectrum of transmitted signals is used, many
of the geometric considerations conventionally
applied in ultrasonics can be ignored.

Figure 3. Reflection optical microscopy of a 2.4 x 1.8 mm” area (left); phase-contrast radiography (centre) and
transmission optical microscopy (right) of the same area. The choice of the area is related to reduced field of view

of the optical microscope.

However, the dry coupling has limitations in sizing
the defects. The use of pulse echo technique (PET)
has an advantage in sizing the defects when the
composite has less porous in nature and the couplant
does not contaminate the composite [14]. With
advances in ultrasound instrumentation and data
analysis, non-destructive testing of composite boat
structures (from masts to rudders to hulls) is
becoming increasingly accessibly and reliable, but
only X-ray radiography reveals visual image record
of defects including foreign inclusions, which does
not reveal in ultrasonic technique [15].

5. Conclusions and perspectives

Phase-contrast imaging extends to low-absorption
materials all the advantages of conventional X-ray
imaging: first of all, because of the reduced
interaction between X-rays and the sample, it is a
non-destructive  technique, with the obvious
possibility of repeating the analysis on the same
sample after an external modification. Moreover,
since the sample is not confined in a close space,
phase-contrast imaging with synchrotron radiation
allows the researchers to follow in real time the
correlation between the sample microstructure
evolution and the application of stress, the exposure
to artificial UV, the application of bending cycles.
The technique can also be applied in different
environmental conditions, changing parameters like
temperature, humidity, salinity, etc.

The applications of phase-contrast imaging to the
study of high-performance sailcloth include the
comparison of structural performance of different
materials, correlation between microstructural
behavior and manufacturing parameters such as the
choice of different fibers, ribbon geometries,
temperature and pressure during lamination.
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