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Abstract

The development of damage throughout the fatigue lifetime of specimens loaded along the warp and
weft directions of a three-directional non-crimp orthogonal woven (3DNCOW) composite has been
studied in detail. The fundamental damage mechanisms are, not surprisingly, common to each direction
(i.e. transverse cracks, interfacial debonding (Z-binder debonding, micro-delaminations) and
longitudinal splits). However, the difference of fibre architecture in relation to the loading direction
leads to minor differences in the details of the damage for the two loading directions. In particular, there
is an increased crack density, a delay in the formation of delaminations, and a slight difference in the
initiation location of Z-binder debonds, and longitudinal splits, in weft direction loaded specimens when
compared to warp direction loaded specimens.

1. Introduction

Composites with through-thickness reinforcement have been an area of interest for a number of years,
yet the body of work is still relatively small. These composites have been shown to improve the
delamination resistance by increasing the through-thickness strength [1]; methods of achieving this
include stitching [2], Z-pinning [3], or weaving 3D fabrics with dedicated through thickness Z-binders
(also known as Z-tows) [4]. Many studies in the literature on 3D woven preforms have focused on quasi-
static loading behaviour [5-17]. These works cover many areas including, but not limited to: mechanical
properties, damage development, effect of binder paths, and failure modes. Compared to the work
undertaken on quasi-static behaviour, studies relating to fatigue loading of 3D woven preforms are
relatively limited [1, 18-22]. The work presented here is a development of work presented previously
on the early stage damage development of 3SDNCOW composites fatigue loaded in both principle (warp
and weft) directions [23]. The current work provides further detailed insights into damage development
as the specimens are fatigue loaded toward failure.

2. Experimental methods

In this study a SDNCOW E-glass fabric supplied by 3TEX® has been used. It is designated “3D-78” as
it has an areal density of 780z/yd?, or 2.64kg/m?. The architecture of this fabric consists of three weft
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tow layers, two warp tow layers, and Z-yarns which interlace along the warp direction (Figure 1). Of
the total fibre volume content, 47.6% of fibres lie along the warp direction, 47.8% lie along the weft
direction, and the remaining 4.6% lie in the z-direction. The fabric used in this study is identical in
architecture and fibre to that used by other researchers [5, 6].

Z-binder

Figure 1: 3D schematic diagram of a unit cell in the 3D-78 preform [5]

Specimens were manufactured using a three part resin system and a wet impregnation technigque
described in [24]. The resin system consists of Epoxide Resin 300®, methyl nadic anhydride (MNA)
curing agent, and the accelerator Ancamine K61B®. The combination of this resin system with E-glass
fibres allows for the production of near-transparent specimens as the refractive index of the fibres and
resin match closely. The fibre volume fraction content was approximately 0.47. Fatigue specimens were
typically 230 mm in length. GFRP composite end tabs of length 50 mm were bonded to the ends of each
specimen, leading to a specimen gauge length of 130 mm. The width and thickness of specimens were
nominally 12 mm and 2.1 mm respectively. Some specimens were tested with a width of approximately
24 mm.

All tests, both quasi-static and fatigue, were performed using an Instron® servohydraulic fatigue
machine with a load cell rated at 100 kN static and 50 kN dynamic. Strain was measured using an
Instron® extensometer with standard gauge length of 12.5 mm and total travel of +/- 2.5 mm. The
standard extensometer gauge length was used on all quasi-static tests, while an extended gauge of 96
mm was used during fatigue loading. Quasi-static tests were performed in tension and loaded at a rate
of 1 mm/min until failure occurred, whereas fatigue tests were conducted under constant amplitude
tension-tension conditions with a stress ratio of 0.1 and a frequency of 5 Hz.

Photographs were taken at regular cyclic intervals during each test using a high resolution camera and
a backlight in order to monitor the damage developed during testing. Based on observation made using
these images, specimens were sectioned in regions of particular interest; optical microscopy allowed
these regions to be understood in relation to the fabric architecture.

3. Results and discussion

3.1. Quasi-static testing

In order to determine the mechanical properties of the 3DNCOW composite, quasi-static tensile tests
were conducted in both principal directions. Six tests were carried out along the warp direction and eight
tests along the weft. The main properties summarised in Error! Reference source not found..

When comparing the warp and weft directions, it can be seen that the properties in both directions are
essentially the same, though the modulus in the weft direction is slightly lower than that measured for
the warp direction. These results seem reasonable since the fibre volume content is very similar in both
directions. Comparing these results with those in [5], it is found that the modulus and ultimate strengths
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reported here are higher by approximately 10% and 20% respectively. The ultimate strains on the other
hand are very similar. The differences may be the result of the different resin matrix and manufacturing
method (a vinyl ester resin matrix and VARTM were used in [5]).

Table 1: Mechanical properties recorded for each principal fabric direction (uncertainties quoted are
standard deviations).

Loading | Elastic Modulus, | Ultimate Strength, | Ultimate Strain, Total Fibre vol.
Direction E (GPa) ouit (MPa) guit (%0) fraction, Vi
Warp 26.1+0.7 519 + 33 2.8+0.2
Weft 253207 514+ 28 28+03 047 +0.02

3.2. Late stage fatigue damage

As specimens were fatigue loaded toward failure, it was found that the level of damage developed in a
specimen increases such that potential regions of failure become apparent. Previous work [23] used a
low peak stress (100 MPa) when investigating the damage accumulation, for which the number of cycles
to failure is greater than 10°. To investigate damage close to failure, a higher peak stress (200 MPa) has
been used in these tests, producing cycles to failure between approximately 50,000 and 200,000 cycles
for loading in the warp direction and 5,000 and 30,000 for loading in the weft direction.

3.2.1. Damage development when loading in the warp direction

Figure 2 shows the damage development in a warp-direction loaded specimen from early to late stage
damage development. Figure 2a highlights examples of the different damage types that form during the
early stages of fatigue loading (further details can be found in Poole et al [23]. It can be seen that
transverse cracking occurs in two regions during this stage: within weft tows, as matrix cracks, and
along the resin channel between weft tow boundaries. The propagation of transverse matrix cracks
through the thickness of the composite depends on their position; weft tow matrix cracks traversing resin
pockets can grow further through the thickness, growing into other weft tow layers, via the resin pockets.
It is also possible for matrix cracks to develop in other weft tow layers independently. Unlike the growth
of weft tow matrix cracks, which can be slow, the growth of resin channel transverse cracks is more
rapid. Most of the resin channel cracks are through-thickness, except where they intersect either the
warps tows or Z-binders.
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Figure 2: Plan view photographs of a specimen fatigue loaded along the warp direction with a peak

stress of 200MPa; each indicating the development of damage at various stages over the specimen’s
fatigue life. a) 200 cycles, b) 500 cycles, c) 1,000 cycles, d) 8,000 cycles, €) 140,000 cycles
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Other damage mechanisms indicated in Figure 2a include Z-binder debonds and micro-delaminations.
Z-binder debonds are the result of interfacial debonding between the through-thickness portion of the
Z-binder and surrounding material, specifically, the edge of the central weft tow layer. These debonds
occur regularly throughout the material.

Micro-delaminations are tow-level interfacial fractures that occur, at least initially, at the interface
between a surface weft tow and its neighbouring warp tow, and are associated with weft tow transverse
cracks in the same region. Figure 2a-e follows the growth of a micro-delamination, having a curved
outline, which extends across the width of a warp tow. Along one edge of the warp tow, the delamination
extends towards the outer limits of the weft tow, while at the other edge of the warp tow, the
delamination tends to a point; Figure 3a illustrates this growth schematically as if viewed from the
surface of the specimen. In relation to the geometry of this 3D fabric, the part of the delamination tending
to a point also corresponds to the crown of the Z-binder. It is as if the Z-binder is causing a pinching
effect that is restricting the growth of the micro-delamination at the weft tow/warp tow interface
immediately beneath the Z-crown. The architecture of the 3D fabric leads to a discernible repetition of
the micro-delamination shapes (shown schematically in Figure 3b); in effect, each delamination points
toward the crown of a Z-binder. Taking a cross-section close to the edge of a warp tow, although not
within the Z-binder which consequently cannot be seen in this cross-section (Figure 4), it is observed
that wide micro-delaminations form at the weft/warp interface furthest from the Z-crown, whilst
narrower micro-delaminations form at the weft/warp interface closest to the Z-crown; this is in
agreement with the schematic diagrams of Figure 3. In late stage fatigue, it has been observed that fibre
fractures occur preferentially at the edge of a warp tow nearest a Z-binder crown [25]. At these locations,
toward the edges of warp tows, the weft/warp micro-delaminations have reduced in width to zero, so
that stress concentrations caused by weft tow transverse matrix cracks are not eliminated by the micro-
delaminations here; consequently, it is not surprising to find extensive fibre fractures at these locations
i.e. at the edges of warp tows.
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Figure 3: Diagrams indicating: a) delamination growth during fatigue loading specimens along the
warp direction, b) delamination growth pattern over a larger region of the material.

The final type of significant damage which forms in warp-loaded specimens is longitudinal warp tow
splitting; an example has been highlighted in Figure 2e. The splits develop within warp tows and grow
at various points along the length of the specimen, extending relatively short distances. Unlike many of
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the other damage mechanisms mentioned above, splits do not form during the early stage of fatigue
loading but tend to form after transverse crack growth has saturated. Observations suggest that these
splits do not contribute to the initiation of final failure in fatigue loading.
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Figure 4: Micrograph cross-section of a speEimen fatigue loaded with a peak stress of 200MPa
showing examples of micro-delaminations

3.2.2. Damage development when loading in the weft direction

Figure 5 shows a sequence of photographs of the same area of a specimen fatigue loaded along the weft
direction, indicating the extent to which damage develops over the fatigue life. In Figure 5a, examples
of the main damage mechanisms that form during the early stage of the fatigue loading have been
highlighted. One of the first forms of damage is transverse cracking in the warp tows. During this initial
stage, warp tow transverse matrix cracks develop from each edge of the specimen. It can be seen that
for each warp tow, multiple cracks form; an example of this has been circled in Figure 5a.

As loading continues (Figure 5b and c), the number of warp tow transverse matrix cracks increases, with
many small cracks developing throughout the specimen. In a similar manner to warp direction loaded
specimens, warp tow transverse cracks in weft direction loaded specimens can progress further through
the thickness of the composite depending on their position relative to the various resin-rich regions.
Compared with loading in the warp direction, the crack density (i.e. the crack area per unit volume) in
weft fatigue loaded specimens is higher [26].

Other than warp tow transverse matrix cracks, transverse cracks also develop through the Z-binder and
resin-rich regions adjacent to the Z-binder, as indicated in Figure 5a. These transverse cracks often
extend through the entire thickness of the composite. In a similar way to the resin channel cracks
observed in warp-loaded specimens, these Z-binder transverse cracks usually propagate rapidly across
the specimen width and thickness.

Another damage mechanism that develops early during fatigue loading in the weft direction is Z-binder
interfacial debonds; these appear, from a surface view of a transparent specimen (Figure 5a and b), as
triangular-shaped damaged regions. The damage here consists of three parts: (i) an interfacial fracture
between the surface weft tow and the Z-binder crown; (ii) debonding of the Z-binder from the central
weft tow; and (iii), delamination between one surface of the central weft tow and the adjacent resin
pocket. The combination of these three types of damage creates the appearance of two triangles, one
behind the other, with the apex of both triangles facing in the same direction (Figure 5¢), and the base
of each triangle indicating the edge of their respective weft tow. A second pair of triangles is located at
the other edge of the weft tow, with each pair facing in opposite directions (Figure 5¢). As the specimen
is fatigue loaded further, the Z-binder debonds continue to develop and grow, expanding to cover the
entire interface between the surface weft tow and the Z-binder (Figure 5d and e).
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Figure 5: Plan view photographs of a specimen fatigue loaded along the weft direction with a peak

stress of 200MPa; each indicating the development of damage at various stages over the specimen’s
fatigue life. a) 200 cycles, b) 500 cycles, ¢) 1,000 cycles, d) 8,000 cycles, €) 45,000 cycles

The initiation of micro-delaminations in weft-direction loaded specimens appears delayed in comparison
to warp direction loaded specimens. Inspection of Figure 5a-c shows limited, if any, micro-delamination
development, whilst Figure 5d has noticeable delamination growth. These micro-delaminations have
formed from many of the warp tow transverse matrix cracks, and appear to extend across the width of a
weft tow. Over the fatigue life of a specimen, micro-delamination growth is slow; however, as the
specimen nears failure, the area covered by micro-delaminations appears quite extensive (Figure 5e).

The final damage mechanism to form during fatigue loading in the weft direction is longitudinal
splitting; Figure 5e highlights an example. These splits originate from similar locations across the length
of the specimen, typically from the centre of the surface weft tow and Z-binder crown; splits grow in
both directions at a roughly equal rate away from the site of their initiation at the Z-binder. None of the
splits were observed to grow sufficiently to link up before specimen failure. Interestingly, in contrast to
final failure for the warp direction, which appears to occur through the development of fibre fractures
at the edges of warp tows, for the weft direction no distinct region has been identified from which final
fatigue failure develops. Indeed, it is possible that the extensive delaminations which occur throughout
the weft-loaded specimens may remove the stress concentrations associated with the warp tow matrix
cracks.

4. Concluding remarks

Detailed investigations of a 3D non-crimp orthogonal woven composite fatigue loaded in both principal
directions (warp and weft) have revealed many differences and similarities in the damage developed.
Both loading conditions have the same fundamental damage mechanisms, but in slightly different
regions and forms; these include transverse cracks, interfacial debonding (Z-binder debonding, micro-
delaminations) and longitudinal splits.

For specimens fatigue-loaded in the warp direction, transverse cracks developed along the weft tows
and the resin channel between weft tow boundaries. Z-binder debonds are an interfacial fracture between
the through thickness portion of the Z-binder and the central weft tow; these form from transverse resin
channel cracks. Micro-delaminations form at the interface between the surface weft tow and the adjacent
warp tow, and have a shape that points toward the nearest Z-binder crown. This narrowing of the micro-
delamination near the Z-binder crown enables a stress concentration to build toward one edge of the
warp tow, thus providing potential sites for warp tow fibre fractures to develop. Longitudinal splits also
form at various locations along the length of the specimen within warp tows.
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For specimens fatigue-loaded in the weft direction, transverse cracks form in both the warp tows and Z-
binders. The transverse crack density appears higher in weft-loaded specimens than when loading in the
warp direction. Z-binder debonds form at the interface between the surface weft tow and the Z-binder
crown, and between the central weft tow and the through-thickness portion of the Z-binder; these appear,
when viewed from the specimen surface, as unusual triangular-shaped damage pairs. Longitudinal splits
form at the centre of the surface weft tow, directly beneath the centre of the Z-binder crown, and grow
parallel to the loading direction away from the Z-binder. Micro-delaminations do not form until later in
the fatigue life of weft loaded specimens compared to warp loaded specimens. However, the extent to
which delaminations occur in weft loaded specimens suggests that there may be no preferential location
for failure to initiate.
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