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Abstract

Investigation of Intra/ply Shear Behavior of Out-of-Autoclave Carbon/Epoxy Prepreg.

Rahul Parambath Mohan

The forming of a composite part without defects has been a challenging issue till date due to the
complexity of the process. Lack of knowledge on the in- plane shear behavior of the composite
during forming has always served as the prime reason for the defects. Still, a sound knowledge of
diverse phenomena which make these flaws such as wrinkling, would help to optimize the
performance. In addition, the possibility to form a composite part from out-of-autoclave prepreg
without any defect would further enhance the process due to the cost reduction caused by

eliminating the autoclave.

The work presented herein aims to investigate the intra-ply shear behavior of out- of- autoclave
carbon epoxy thermoset prepreg and its effect on wrinkling using the picture frame and bias
extension tests. Tests will be performed at varying temperatures and displacement rates in order
to determine their contribution on deformability of the fabric. Digital image correlation was
applied onto the set-up to take sequential images at various stages of deformation and capture the
onset of wrinkling. Microstructural analysis was performed in order to observe the change in tow
geometry throughout the shear deformation. In addition, the uni-directional and woven prepreg
(8- harness and 5- harness) were compared to the scale of their deformability to determine the
material which favors the forming the most. Finally, based on the response of the operating
temperature (resin viscosity), displacement rate and layer counts (layer interactions) on the onset
of wrinkling, an optimization method was generated using the Taguchi and Analysis of Variance

technique to determine the parameter which influences, wrinkling the most.
Keywords

Out of autoclave prepreg, picture frame, intra-ply shear, tow geometry, Taguchi method.
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CHAPTER 1: INTRODUCTION

Textile technologies since their emergence many millennia ago have undergone revolutionary
evolution to envisage a broad spectra from the term ‘textile’ emerged from woven fabrics to
contemporary applications of fibres, filaments and yarns and most products derived from them
[1]. Textile composites are very common these days in the automotive, aerospace, pipeline
industries, etc., due to their superior properties such as high specific stiffness, high strength, low
weight, low thermal expansion, good corrosion resistance [2,3]. These are also found to be
resistant to crack propagation due to the interlacing tows which are found to be damaged tolerant
[4]. Specifically, the textile thermoset composites made of textile reinforcement and thermoset
matrix material have been of greater demand in the aerospace industry since they are widely
used in manufacturing aircraft composite components. However, the mechanical behavior of the
textile composites during deformation has been reported to be non-linear when compared to the

individual carbon fibers which were seen to exhibit linear behavior [5].

In addition, the textile composites made up of out-of-autoclave (OOA) thermoset prepeg has
come up as an increasingly used alternative to the traditional autoclave based material due to
their reduced cost and space [6]. The OOA prepreg is manufactured by the application of only
temperature and vacuum, without the requirement of much pressure, eliminating the need of the
costly autoclave [7]. The OOA prepreg are designed in a way to remove the entrapped air by

creating a porous medium which eases the removal of air during the debulking process [8].

Forming of textile composites by hot drape forming (HDF) integrated with automated fibre
placement (AFP) and automated tape laying (ATL) has been a major area of research due to its
ability to overcome the limitation of forming complex contours. However, while forming using
HDF process the parts are found to be prone to defects such as wrinkling and out of plane
buckling. These defects need to be overcome by analyzing different modes of deformation which
tend to occur during forming [1,9].These deformation modes can be identified by various testing

methods such as the picture frame test and the bias extension test. These tests help in modelling



varying deformation mechanisms before proceeding with the actual forming operation [10].

Figure 1.1 explains the sequence of steps involved prior to the forming operation.

Deformation modes
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Figure 1.1 Steps involved before forming operation [1, 9, 11].

Stamp forming

This research will focus on the deformation mechanisms which occur during the forming
operation. In particular, regarding the intra-ply shear of OOA prepreg, using the picture frame
and bias-extension test. The effect of temperature (resin viscosity), displacement rate and layer
count (layer interaction) on the in-plane shear deformation is investigated. In addition, the

influence of these parameters on the onset of wrinkling has been studied.

1.1. Thesis Organization

The dissertation is divided into 7 chapters and a brief description of each chapter has been listed

below.

Chapter 1 gives a brief description of the various types of textile architectures commonly used
and introduces the principle behind the functioning of double diaphragm and match- die forming

processes.



Chapter 2 reviews the major work done regarding the various deformation mechanisms which
occur during the forming operation. In particular, regarding the intra-ply shear deformation and

the tests available to measure the intra-ply shear.

Chapter 3 deals with the material selection and fabrication of the picture frame rig. This chapter
discuss the material properties of 8-harness (8HS), 5-harness (SHS) and UD Cycom 5320 carbon
epoxy OOA prepreg and their fabrication process in detail. The procedure involved in
determining the curing temperature of the resin using the DSC analysis is discussed. The
rheological analysis performed to determine the time taken for the resin to cure is detailed in this

chapter.

Chapter 4 discuss the effect of the temperature and displacement rate on the intra-ply shear of
the 8HS, SHS and UD OOA prepreg using the picture frame test. The onset of wrinkling at these
different conditions are observed using the DIC. The microscopic and SEM analysis performed

to visualize the tow geometry during the shear deformation is explained in this chapter.

Chapter 5 introduce the bias extension test and its linearity with the picture frame test. Further,
the Taguchi and Analysis of Variance (ANOVA) method of optimization is used to recommend

the best parameter combination to reduce the onset of wrinkling.
Chapter 6 gives a conclusion to the work presented in this thesis.

Chapter 7 details the recommendations given regarding the implementation of the intra-ply shear

results to the actual double diaphragm forming operation.



1.2. Types of Textile Architecture
The most common types of the textile architecture are found to be; 2D woven, 3D woven,

braided and non-crimp fabrics [12] (see Figure 1.2)

2D Weave

Triaxial braid Mon-crimyp fabric

Figure 1.2 Images of Textile architecture [12]

The woven fabrics are more common in aerospace industries due to their superior properties and
are found to be produced by interlacing warp and weft yarns. The fibers along the horizontal
direction are called the warp, while the ones along the vertical direction are called the fill or
weft. The woven fabrics are classified into various types; plain weave, 2x2 twill weave and
harness weave (3, 4, 5... harness). Of the lot, the plain weaves are seen to be the simplest weaves
made by interlacing alternate warp yarn over and beneath the weft yarns [13]. However, the plain
weaves were witnessed to have low drapability. Whereas, the 2x2 twill weave pattern is
generated by interlacing 2 warp threads beneath and over every two weft threads. Finally, the
harness weave is made by interlacing minimum of three warp yarns over three weft yarns,

enabling them to exhibit the high drapability [13].

The 3D weaves are used when the properties along the thickness direction are to be enhanced

[13,14]. The 3D weaves consist of binder yarns interlaced in between the warp and weft tows.
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The 3D weaves are found to be used for application which require high damage tolerance [15]
and fatigue resistance [14]. However, their application in the aerospace industry is low when
compared to 2D fabrics due to their low shear and torsion properties and their difficulty to

manufacture quasi-isotropic woven composites [ 14].

The braided fabrics involves interlacing of three or more threads with each other in a diagonal
formation, creating tubular or solid construction [1]. The braided fabrics tend to have optimum

properties in all directions and are found to be stronger than other reinforcement patterns [1,12].

Non-crimp fabrics include several layers of uni-directional crimp-free fiber layers combined
together by stitching — sewing or knitting — or by application of binders [1,12]. The layers
involve 45° and 90° orientation of fibers. These are found to be economical for production and
faster to process [1,12]. But as the layer count increases, the ability of the non-crimp fabrics to

conform to complex contours decreases due to the restriction imparted by the stitching [1,12].

1.3. Forming technology for composites

The forming of the composites involves sequential operations such as; heating, forming and
consolidation (or) cooling of the material [9]. The various technologies of forming include;
compression molding, vacuum forming, diaphragm forming, bladder molding, matched die
molding and roll forming [9]. Among which, diaphragm forming and matched die molding are
found to be the most common forming processes due to their improved quality of the products
[16,17]. The forming of composites is either performed on dry fabrics by supplying the resin
during the forming operation or by performing the forming on the pre-impregnated (prepreg)

fabric in which the resin is already in the partially cured state [18].

1.3.1. Diaphragm forming

Diaphragm forming is a process which involves forming the pre-impregnated (prepreg) laminate
into the desired shape using the diaphragms, similar to the compression molding process. The
diaphragm forming is generally classified into two types; single diaphragm forming and double
diaphragm forming. In the single diaphragm forming process, the prepreg is placed in between
the sheets of release film and placed over the mold [18]. Further, a diaphragm is sealed at the top
of the mold and air pressure is applied from the top of the diaphragm and a vacuum is applied

from bottom of the diaphragm forcing the prepreg to deform to the mold geometry [1,9]. The



diaphragms used are flexible enough to form complex contours and are made up of different
materials depending upon the temperature to be operated. The polymeric materials such as
polyimide (PI) films, silicon rubber sheets are used for high temperature applications due to their
ability to resist rupture [9]. In addition, Bersee et al. [19] suggested that thicker and stiffer

diaphragm reduces the onset of wrinkling, which however requires further investigation.
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Figure 1.3 Double diaphragm process [18].

On the other hand, double diaphragm forming is somewhat similar to the single diaphragm
forming except that the prepreg is placed between two diaphragms instead of one [1,9,18], as
shown in Figure 1.3. By this, it was made certain that the spring back that occurs during the
single diaphragm is overcome [18]. Double diaphragm forming is seen to be much preferred
these days in the aerospace industry due to its reduced cost and high quality of the output product
[18,20]. However, the major disadvantages which set it apart are its long cycle time and

limitation in forming complex contours [18], which require further research.

The double diaphragm forming process was originally developed for forming thermoplastic
composites [19]. However, more recently much work has been carried out in the aerospace
industry using thermoset composites, due to their preferable low operating temperature. During
the forming of thermoset prepreg, the laminate is heated to decrease the resin viscosity and in
turn to facilitate the forming operation. It's been reported by previous research [11] that
thermoset composite must be operated at 90°C or lower to prevent curing during the operation.
Whereas, the thermoplastic prepreg needs to be melted before it is formed, which in turn requires
high temperature [19]. These discussions suggest that thermoset prepreg are much more
preferable than the thermoplastic prepreg for the double diaphragm forming process. However,
to date there is relatively less documented research regarding the diaphragm forming of

thermoset prepreg, which therefore requires further investigation.



1.3.2. Matched die forming

During the matched die forming, the composite sheet is heated to the required temperature until
which the matrix melts and then the press is closed rapidly until the sheet conforms to the shape
of the mold [1,9,21]. A pair of matched dies are used for the stamping process, as shown in
Figure 1.4. In order to avoid the spring back of material and to ensure that the material takes the
new shape, the pressure and temperature are to be maintained [21]. The surface finish of the
output product formed by match die forming are of high quality enabling them to find a high
demand in the automobile industry [22]. Previous studies have also reported that proper

consolidation of the material during the forming would help to reduce the onset of buckling [22].
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Figure 1.4 Match die mold [21].
In contrast to the double diaphragm forming operation, the matched die forming is a fast process

with less cycle time. However, the matched die forming has been reported as an expensive set-up

due to its high cost dies [16].

1.4. Motivation

The main motivation behind this study is to understand the in-plane shear behavior of the OOA
carbon/epoxy prepreg. Forming of the OOA prepreg after proper understanding of the in-plane
shear deformation mechanism could help in reducing the process induced defects, such as

wrinkling. By this, the goal of forming a complex shape without any wrinkles could be achieved.
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The integration of the diaphragm forming and OOA technology can not only reduce the cost, but
also can produce a high quality part with less void content. To facilitate this, the effect of
temperature and strain rate on the in-plane shear behavior of OOA prepreg were studied using
the picture frame and bias extension test. Apart from this, the recent advancements in the OOA

technology has also fuelled the author.

The other motivation lies behind the lack of knowledge about the optimum operating conditions
which could facilitate a forming operation without any defects. To study this, shear deformation
was performed at varying parameter combinations (operating temperature, displacement rate and

layer count) to determine the combination which could postpone wrinkling.

1.5. Thesis objective and challenges

The objective of this thesis is to characterize the intra-ply shear properties of the OOA
carbon/epoxy thermoset prepreg. Many such experimental and analytical works have been
carried out by researchers to characterize the in-plane shear behaviour of the woven fabrics using
the picture frame test and the bias-extension test. The prime objective of this study is to
characterize the drapability of low cost OOA thermoset prepreg before modelling and

performing the actual forming operation.

The main objective of determining the ideal operating conditions to perform the forming
operation by postponing the onset of wrinkling has been addressed in this thesis. By this, the

contribution of these parameter conditions at the onset of wrinkling is been optimized.

In this present study, the three important challenges associated with forming a wrinkle free
composite part that were identified by the research team to be resolved prior to actual production

phase are as follows,

e To find the processing window for temperature while forming the Cycom 5320 OOA
prepreg. The ideal operating temperature of the prepreg depends on the curing
temperature of the resin which needs to be identified by performing DSC analysis. In
addition, the time required for the forming operation before any curing (gelation time) is

to be investigated by rheological analysis.



To characterize the effect of various parameters; operating temperature (resin viscosity),
displacement rate and layer count (layer interactions) on the in-plane shear behavior of
the OOA prepreg by performing the picture frame and bias- extension test. The effect of
these parameters on the onset of wrinkling on the fabrics is studied. Further, the tow

geometry of the prepreg during the shear deformation were to be investigated.

To develop an optimization technique to determine the optimum conditions which
facilitate wrinkle free forming. Further, the significant parameter which influence

wrinkling the most is studied and analyzed.



Chapter 2: Literature Review

A literature review was performed to introduce the various deformation modes that tend to occur
during the forming of a composite. In particular, regarding the intra-ply shear that tends to occur
when the material is subjected to in plane shear. The issues of the review include intra-ply test
methods, material characterization during the picture frame and bias extension test and onset of

wrinkling during the shear deformation.

2.1. Deformation mechanisms of textile composites

During the forming of the textile composite materials, various deformation mechanisms tend to
occur, such as intra-ply shear, intra-ply extension, inter-layer rotation, inter-ply/inter tool
slippage, ply bending and so on [9,23], as depicted in Figure 2.1. However, intra-ply shear, inter-
ply slip and ply bending are considered as the selected deformations which play an important

role in forming of double curvature [9].

Figure 2.1 Deformation modes; (a) intra-ply shear, (b) intra-ply extension, (c) inter ply
slippage, (d) inter-layer rotation and (e) ply bending [1,9,26].
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Among these, intra-ply shear is found to be the predominant deformation when forming textile
composites [1,9]. The intra-ply shear involves rotation between the parallel tows within the
fabric layers at its crossover points, followed by compaction [1,9], as represented in Figure 2.1
(a). There is no standard ASTM test to measure the intra-ply shear behavior of the composite
[24,25]. However, the two most common tests (picture frame and bias extension test) used to
characterize the in-plane shear behavior of the fabric is discussed in detail in the forthcoming
chapters 4 and 5. An overview of the works performed regarding to the intra-ply shear is

explained in detail in section 2.2.

The inter-ply slip, considered as an important deformation, tends to occur during the forming of
the single curvature and double curvature contours [26]. The plies tend to slip over each other,
resulting in inter-ply slippage. In turn, if the slippage is restricted, as in Figure 2.2, the inner-
most ply might tend to buckle out of the plane, as a result of high compressive strain [26]. The
inter/ply friction is also termed as ply-ply friction and it also plays an important role in
transferring of loads between the plies. In addition, researches by Vancalooster [26] and
Konstantine et al. [27] revealed that friction between the tools and fabric plays an important role
in the final product. If the friction is too much it might result in the tearing off of the material,
whereas if it is too low it might lead to wrinkling of the material [26]. Similar to intra-ply shear,
there is no standard ASTM test to measure the ply-ply friction. However, a similar setup, as in
Figure 2.3 (a) has been used for years by researchers [27-30] (with some modifications) to
measure the inter-ply friction. The set-up works by placing a layered prepregs in between two
plates (which are pressurized using compressed air) and pulling them in the opposite directions

to measure the frictional resistance of the prepreg.

Flat laminate

" With intraply slip

After draping

No intraply slip
Figure 2.2 Inter-ply slip during double curvature forming [26].
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Along with intra-ply shear, intra-ply bending (bending of individual layers) is also considered as
one of the major deformation modes during the forming of complex contours with double
curvatures [9]. It was observed by E.de Bilbao et al. [31] that the bending behavior of the
composite plays a significant role in the out of plane deformation (wrinkling) of the laminates.
The bending stiffness of the fabric was found to be dependent upon the yarn density and fabric
linear density [32,33]. Unlike intra-ply shear and inter-ply slip, a standard cantilever bending test
(ASTM D1388-08), see Figure 2.3 (b), is in practice to measure the bending stiffness of the
fabric [31,34]. But not much research has been done to date to characterize the bending property

during the forming.
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Figure 2.3 Test set-up; (a) inter-ply friction apparatus [9] and (b) ASTM D1388-08 bending
test set-up [31].

This dissertation does not aim to discuss much regarding the inter-ply slip and ply bending that
takes place during the deformation of the prepreg. The prime objective of this thesis is to

investigate the intra-ply shear deformation during the forming of the composites.
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2.2. Intra-ply shear
Intra-ply shear is inferred to be the predominant deformation mechanism which tends to occur
when the material is subjected to in-plane shear [9]. The two different mechanisms of intra-ply

deformations: the in-plane deformation and through thickness deformation [35] are shown in

Figure 2.4.
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Figure 2.4 Types of intra-ply shear; (a) in-plane shear and (b) through thickness shear [35].

The intra-ply shear of commingled fabrics was investigated using picture frame and bias-
extension tests by Lebrun et al. [24]. The woven fabrics were assumed to deform based on the
pin-jointed net (PJN) approximation which was originally proposed by Mack and Taylor [36].
The PJN theory is based on the assumption that during deformation, yarns are inextensible with
no slippage possible at crossovers, but allows rotation of fibers [25,37]. In detail, the model
assumes that the adjacent warp and weft yarns are connected to each other at the crossover points
(pin-joints) by a fixed kinematic linkage. When deformed, they tend to remain straight, but free
to rotate around the pin joints, as shown in Figure 2.5. The angle between the warp and weft
yarns indicate the amount of in-plane shear. The woven fabrics tend to wrinkle when the adjacent
yarns come in contact with each other and lock. The angle at which they tend to come in contact
is stated as the locking angle [2,3]. Prodromou and Chen [38] arrived to the conclusion that when
inter yarn space is more it means that tows can rotate larger angles before they come in contact
with each other. Not much research has been performed to characterize the shear mechanisms of
the UD fabrics in recent times. Lately (2000), Kevin Potter [37] worked on the UD prepreg and
reported that PJN assumption was valid for UD prepreg during its initial stages of deformation;
while at the later stages the PJN assumption was not reported to be in good agreement with
results due to the occurrence of the slippage at the later stages. In addition, he also reported that

kinematic linkage between the yarns might be ideal for the manual lay-up; but, while forming
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they might result in locking at earlier stages. Hence, to reduce the linkage he suggested to
increase the operating temperature [25]. The deformation mechanism in the UD prepreg is
parallel along the axis rather than the adjacent yarns crossing over each other, as in woven
prepreg [9]. Zhang et al. [39] studied the intra-ply shear of fabrics with different areal density
and reported that fabrics with lower density tend to have better deformability and that shear

performance decreases with the increase in density.

<>

Figure 2.5 The pin-jointed net (PJN) model [37].

2.3. Intra-ply test method
As discussed before, there is no standardized ASTM technique available to measure the intra-ply
shear [24,25]. The picture frame test and the bias-extension test, which are the common test

methods to measure the intra-ply shear are explained in detail in the upcoming section.

2.3.1. Picture frame test

A picture frame test set-up, as shown in Figure 2.6, has been used by researchers to characterize
the in-plane shear behavior of the woven fabrics [24, 39-41]. Numerous picture frame rig setup
have been designed in the past to measure the intra-ply shear. Recently, Yifan Zhang [39]
designed a new picture frame test setup in which bearings were used to connect the arms of the
frame. He made sure by using the bearings, the arms of the rigs are structured to be free to rotate
around the hinges which resulted in pure shear deformation. In this thesis, in order to impart pure
shear, shoulder bolts were used to connect the arms which are discussed in detail in section 3.5.2.
In turn, P. Harrison et al. [41] suggested that the axial load required to deform the sample
recorded by the MTS system is directly proportional to the number of adjacent yarns undergoing
deformation. On investigating the effect of the boundary condition on the in-plane shear, Wang
[21] reported that serious wrinkling was visible at an early stages of the test when the samples
were pinned onto the picture frame. In turn, he suggested that it is rather preferable to clamp the
samples onto the rig to reduce the effect of wrinkling than testing them under the pinned
boundary condition. Hence, in this case cross shaped samples are to be clamped onto the frame

using C-clamps, such that the samples are parallel to the side of the frame. The corners of the
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samples were cut in order to restrict the corner effects and in turn to impart pure shear
throughout the sample. A benchmark effort was undergone by a group of researchers by
performing the picture frame test with different test ups and with samples of different sizes. At
the end of the work they concluded that; the shear force increase as the size of the sample
increases; however, the results can be compared when the shear force is normalized with respect
to shear area [42]. Lastly, proper care must be taken to ensure that the fibers are properly
clamped without any misalignment. If clamped tightly, misaligned tows might lead to either a
severe bend at the point of clamping or slip out of clamping [41,43]. The effect of misalignment
was studied by Milani et al. [44] by coming up with an arbitrary misalignment on the sample and
it was seen that the obtained results were 80% lower than the actual test results. This variation in

the results was reported due to the involvement of both shear and tension during the test.
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Figure 2.6 Test rig for picture frame setup.

The amount of shear possible between the warp and weft yarns before interlocking is determined
by the plot of shear angle vs shear load. The force required to shear the sample (F;) can be

calculated from the cross-head force (Fp) by the formulae, ([9], p. 5).
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Where 0 is the frame angle and Fris the measured axial load recorded. The shear angle can be

deduced from the frame angle by the relation, ([9], p. 5)
y =90 - 26

Where vy is the shear angle, the shear angle can also be resolved from cross head displacement by

Equation 1.3, ([9], p. 5)
T 1 dp
= ——2cos7! [+ -
=3 L/z 2L

Where, d,ris the cross head displacement, Ly is the length measured between the center of the

hinges as indicated in Figure 2.6.

2.3.2. Bias - extension test

One of the earliest methods to characterize the trellising behavior is found to be the bias-
extension test [43]. When compared to the picture frame test, the bias extension is found to be a
simple test since it doesn’t require any special rig set-up, but analyzing the result is found to be
complex due to the interaction of non-shear components [45]. In a bias extension test, the
material is extended along the bias direction initially at £45  to the direction of applied tensile
force [9,24,41].

The sample for the bias- extension test (see Figure 2.7 (a)) is observed to have three zones of
deformation: zone A, Zone B and Zone C. When deformed, it has been reported that zone A
experiences pure shear; since it has it’s both the ends free without being clamped. Whereas, the
zone B has been noted to experience half the shear of the zone A (since it has one of its end
clamped) and in turn the zone C experience no shear (both the ends clamped) [45]. It’s been

observed by previous studies that the aspect ratio (A= l,/w,) must be greater than or equal to two
for zone A to experience pure shear [39]. In contrast to the picture frame test, the boundary

condition doesn’t have much effect in bias extension test even if clamped tightly [3].
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Figure 2.7 Bias- extension; (a) before deformation and (b) after deformation [45].

From Figure 2.7, it is seen that the initial angle 0, is 45° and the shear angle ‘y’ can be
determined by, [45]

(1.4)
vy =90 — 2cos™! <LO +

d )
V2L,
Where ‘d’ is the cross head displacement and the length Lo= H-W. The term H and W represents
the initial height and width of the specimen.

2.4. Material characterization

On performing the in-plane shear test using the picture frame and bias-extension test, the shear
compliance graph is seen to be divided into 3 stages (see Figure 2.8(b)). In all the three stages,
the shear force is seen to increase with the shear angle. At the initial stages, the average shear
inside the yarn is found to be much less; while Willems et al. [46] suggested that at this stage
only friction between the yarns serves as the major resistance. Further, at stage 2, the yarns tend
to come in close contact with each other, resulting in the locking of the yarns. At this stage,

lateral compression serves as the major resistance and a sharp increase in shear resistance is
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visualized [4]. Finally, any deformation beyond the locking zone would result in serious
wrinkling which was evident on stage 3. It can be seen that the locking angle separates the low
stiffness and high stiffness region [47]. The wrinkling is found to occur when the compressive
forces induced during the forming of the double curvatures cause gross buckling throughout the
thickness of the composite causing out of plane buckling [48]. In practice, it was observed by
Boisse et al. [49] that forming of double curvatures require large shear angles which in turn
require large shear stiffness which eventually leads to wrinkling. This can be avoided by using
blank holders which can create tension and reduce wrinkles at large shear angles [49]. Zhu et al.
[2] investigated the intra-ply shear in the 2D fabric and concluded that reduction of yarn width is
the key to wrinkling. On a whole, while forming it is suggested that; higher the locking angle,

postponed the onset of wrinkling, which is favorable in terms of draping complex contours [39].
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Figure 2.8 (a) shear inside the yarns [26] and (b) shear compliance graph [39].

The digital image analysis (DIC) has been used in the past to visualize the onset on wrinkling.
However, when the fabrics are tested inside the environment chamber (capable of generating
elevated temperatures) it was observed by Larberg et al. [11] that the DIC was not able to
perform the 3D analysis due to the hindrance of the window in the environmental chamber. To
overcome this, a system of non-contact infrared heater, capable of generating uniform
temperature has been suggested in section 4.2. By this, the DIC was able to perform 3D analysis

without any hindrance.
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From the literature, it is evident that a lot of research has been carried out to determine the in-
plane shear behavior of woven fabric; but however, not much work has been reported to date to
characterize the intra-ply shear mechanism of the OOA prepreg, which serves as the prime

objective of this dissertation.
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CHAPTER 3: MATERIALS AND RIG
FABRICATION

3.1. Introduction

This chapter describes the selected OOA material used in this dissertation in detail and the
fabrication of the picture frame used to perform the shear test. In the first part of this chapter, the
fabrication technique employed for preparing OOA sample is discussed. Later, the material
properties of the prepreg have been characterized by various testing methods. Finally, the various

design requirements accomplished during the rig fabrication have been explained in detail.

3.2. Material Selection

The material chosen for this project was Cytec engineered materials, Cycom-5320-1. It is an
OOA based prepreg used for aerospace application [50]. In particular, three different styled
composites, two textile woven fabrics (5-harness and 8-harness carbon/epoxy satin prepreg) and
a uni-directional (UD) composite made up of the same material were used for analysis. The
primary ground for selecting three different styled composites is to characterize the difference in
shear behavior between them. Picking out the samples made up of same resin system and same

manufacturer makes the results comparable and much more reliable.

Table 3.1 Material properties of the composites used in the thesis [51].

Dissertation ID SHS OOA 8HS OOA UD OOA
Manufacturer Cyctec materials Cyctec materials Cyctec materials
Fiber T650-5HS carbon T650-8HS carbon T650-UD carbon
Resin Cycom 5320 Cycom 5320 Cycom 5320
Tow count (fiber/tow) 6000 3000 Nil
Yarn width (mm) 2.03 0.99 Nil
Thickness (mm) 0.60 0.55 0.32
Areal density (g/m?) 1178.62 1164.36 882.34
Resin content (%) 36 36 36
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Table 3.1 summarizes the material properties of the composite-reinforcements. It is noted that
the areal density and thickness of the SHS samples is higher than the 8HS and UD samples.

Figure 3.1 depicts the images of the three different styled prepreg materials under investigation.

(©)

Figure 3.1 Pictograph of various composites (a) S-harness woven, (b) 8-harness woven, (¢)
uni-directional composite.
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3.3. Fabrication of the OOA Sample

This section discuss regarding the various steps involved in the fabrication of the OOA prepreg.

The samples were prepared by hand lay-up technique and the steps involved are as follows,

Step 1:

Step 2:

Step 3:

Figure

shown

The prepreg was first cut into a required dimension, in our case into 310x 310 mm? cross
section of the available prepreg roll of 42 meters. On account of investigating the shear
behavior of cross ply laminate [0, 90] in this dissertation, two layers of prepreg were cut
of the same dimension. Later, the samples were left at room temperature for 2 hours to

improve its tackiness.

The mold surface on which the stacking is to be done was first cleansed with acetone in
order to improve the surface finish. Then a layer of release agent was applied to the mold
and left to dry for 10 minutes to ease the demoulding process. Later, the samples were
stacked over the mold by placing them one over the other using the rollers to increase the

adherence between the layers.

After the stacking of all the layers of the prepreg the mold was covered by a vacuum bag
and sealed at the ends by sealant tapes. The reinforcements were then vacuumed at a
pressure of 0.1 MPa for 30 minutes. This debulking process helps in oozing out the

entrapped air and moisture [13].

3.2 shows the bagging materials involved in the vacuum bag preparation. The bleeder

in the setup has been only an optional since the material employed is in preconsolidated

(prepreg) form. Figure 3.3 shows the final 8HS OOA sample obtained after debulking.

Step 4:

Finally the debulked samples were cut cross shaped as shown in Figure 3.4 enabling

them to clamp onto the picture frame rig set up.
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Figure 3.2 Vacuum bagging scheme [51].
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Figure 3.4 Final trimmed sample by hand lay-up process (a) S-harness (SHS) sample, (b) 8-
harness (8HS) sample, (¢) uni-directional (UD) sample.
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3.4. Material Characterization Tests

3.4.1. Differential Scanning Calorimeter (DSC) Analysis

The differential scanning calorimetry (DSC) is a thermal analysis technique which measures the
heat flow and temperature during the thermal transition of the material [7]. The sample whose
thermal analysis is to be investigated is weighed and placed inside a hermetic pan and sealed
with a lid. In addition, an empty pan without any sample is sealed and marked as a reference

pan.

Figure 3.5 TA Instruments’ DSC Q10°.

During the analysis, the difference in heat flow and temperature between the reference pan and
the sample is recorded throughout the test. In this case, the TA Instruments DSC Q10® device
used for the thermal analysis is depicted in the Figure 3.5. The setup was to be provided with a
nitrogen gas flow of 50 ml/min. Dynamic cure analysis was performed on Cycom-5320 OOA

prepreg in order to investigate the temperatures, which mark the onset of cure reaction.

3.4.1.1. Dynamic Cure Analysis
The dynamic runs were performed at rates, 2°C/min and 10°C/min from 30°C to 280°C to
monitor the difference in heat flow at various ramp rates. This response is plotted in Figures 3.6

and 3.7 which interprets the exothermic heat released at different rates. Two trials were
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established at each condition, the first trial was performed on an uncured sample and the second
trial was executed on the same sample after it was cured [52]. The graphs indicate that the heat
flow of the cured sample intersects the uncured sample at 113.5°C (2°C/min) and 145.2°C
(10°C/min) respectively. Based on the literature [52], these temperatures were marked as the

onset of the cure reaction.
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Figure 3.6 Dynamic analysis at 2°C/min up to 300°C.
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Figure 3.7 Dynamic analysis at 10°C/min up to 300°C.
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In addition, from both Figures 3.6 and 3.7, it is likewise visualized in common that the heat flow
of the uncured sample is larger than the cured sample after the onset of cure reaction. While, the
heat flow of the cured sample is seen to trace a baseline of the uncured sample after the onset of
cure reaction. This shows that the sample is completely cured after the first trial resulting the
second trial to trace the baseline. The onset temperature of the cure reaction at 2°C/min
(113.5°C) is found to be lower than at 10°C/min (142.5°C). This shows that there is a nominal

increase in the onset of cure reaction with the increase in the heating rate.

3.4.1.2. Discussion

These findings from the DSC helps us to conclude that the Cycom-5320 OOA epoxy resin starts
to cure at 113.5°C (2°C/min). This helps to fix the operating temperature range of the resin
system (Cycom-5320) during the forming operation. While forming it is always necessary to
operate within the onset temperature of cure since curing of the resin increases the shear rigidity
of the prepreg and reduces the drapability of the fabric. Hence, with respect to Cycom-5320
material it is safer to operate within 113.5°C while forming. Further, rheological analysis was

performed with the same resin system to verify the results from the DSC.
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3.4.2. Rheological characterization of the prepreg
The main objective here is to obtain the viscosity of the resin at different temperatures and to
know how much time is available for forming before any curing (gelation) happens. The effect of

temperature on viscosity was characterized using the MCR 500® Rheometer, (see Figure 3.8).

Measuring Unit

Motor  Thermostating chamber

Sample

(a)
Figure 3.8 (a) MCR 500®° Rheometer and (b) Thermostating unit.

The upper plate of the Rheometer was driven by the synchronous motor and in turn the lower
plate was kept stationary. The upper plates are found to be extremely precise to even small
deformation caused by the specimen [53]. The measuring unit is capable of positioning of the
plates and the adjusting the gap between them to its highest accuracy [53]. In addition, the
rheometer is also equipped with the thermostating chamber which helps in characterizing the
influence of temperature on the rheological flow behavior of the resin. The unit is capable of
operating between a temperature ranges -40° to +350°C [53]. In this case, nitrogen was used in

order to enable the heating functionality of the unit.

The size of one layer prepreg sample was 25.4 mm in diameter and 0.55 mm thick. Since the

thickness was very small, two layered prepreg, about 1 mm in thickness were used to improve
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the accuracy of the measurement. Initial tests were performed to determine the optimum testing
conditions such as strain rate, frequency and gap between the plates. Based on the results, the
optimum testing conditions were found to be; maximum strain rate of 10%, a frequency of 0.2

Hz and a gap of Imm. Tests were performed at both iso-thermal and dynamic sweep conditions.

3.4.2.1. Iso- thermal condition
During the iso-thermal tests, the chamber was first preheated to the desired temperature and
stabilized at that temperature for half an hour. Later, the sample was placed inside the chamber

and the test was started. On account of perceiving the resin behavior at elevated temperatures a
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Figure 3.9 Experimental viscosity at selected isothermal temperatures.

viscosity vs time graph is plotted at different temperatures as in Figure 3.9. The graph shows that
during the initial stages, viscosity decreases with the increase in temperature. The decrease in
resin viscosity during the initial stages can be seen in detail in Figure 3.10. Results indicate that
in the initial stages, viscosity of resin at 120°C to be much lesser than that at 100°C, 90°C and
70°C. While later viscosity is found to drastically increase with the rise in temperature. This
behavior is attributed to the transition of resin from gelled glass regime to vitrification regime as

time proceeds [30].
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Figure 3.10 Variation of viscosity during the initial stage at selected temperatures.

Further, in order to determine the gelation time (time taken for the onset of cure) at different iso-
thermal temperatures a graph is plotted between the storage modulus G’ and loss modulus G” as
depicted in Figure 3.11. It can be seen that during the initial stages, the loss modulus (G”) is
considerably higher than the storage modulus (G’). But, later as the cure proceeds the loss
modulus is found to decrease due to the transition of resin into a solid state. In contrast, the
storage modulus increases with the cure process and eventually arrives at a plateau [52]. It is
cited that the loss modulus increases with molecular weight and then decreases due to the

solidification near the gel point. A similar observation was reported in literature [52].

The gel point denotes the onset of cross linking at where the transition of resin from a liquid to
rubber state is witnessed. A more expert knowledge of the gel point helps to determine the
optimum operating time at any iso-thermal temperatures during the forming operation. There are

several methods to find the gel point, but the one used in our case is based on the criterion;

1. The point at which storage modulus (G’) and loss modulus (G”) cross over each other
[52,54]. The time required to reach the gel point is denoted as the ‘gel-time’ (Tge) as
indicated in the Figure 3.11.
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The variation of the gel time with the isothermal temperature is summarized in Table 3.2. It can
be seen that as the temperature increases the gel time decreases. This observation confirms the
findings of Liangfeng [52] that the time for the transition of the resin from a liquid to rubbery
state increases with the rise in isothermal temperature. In addition, T,y marks the time taken for
the onset of the chemical reaction and Table 3.2 shows that the onset time to be less than the gel
time. Even though, gel time (Tg) marks the onset of cure reaction, while forming it is much

safer to stay with the Tt regime to avoid curing during the forming operation.

Table 3.2 Gel time at different temperatures.

Temperature 70°C 90°C 100°C 120°C
0)
Tgel (min) 1302 453 243 74.9
Tonset (Min) 523 282 176 64
Textrapolatea (Min) 752 373 204 71

3.4.2.2. Dynamic Cure Condition

During the dynamic cure process, the samples were placed inside the chamber at room
temperature and later heated at the desired rate. The variation of viscosity with temperature at a
heating rate of 2°C/min is plotted in Figure 3.12. The results observed during the dynamic
condition is found to be different from that observed during the isothermal condition. It is
noticed that during the initial stages of reaction, the drop in resin viscosity with the temperature
is to dominate the resin behavior. A while later, as the cure reaction starts the resin viscosity is

seen to drastically increase, projecting the degree of cure to be a dominant factor.

The temperature at which cure reaction starts and minimum viscosity temperature are found to be
evidently visible from the Figure 3.12. At the heating rate of 2°C/min, it is witnessed that the
cure reaction starts at a temperature of 110.67°C. To corroborate this, the measurements from the
DSC had already shown us that the cure reaction starts at 113.5°C which is close to 110.67°C
obtained from the rheometer. In summation, it is likewise reported that the resin reaches its

minimum viscosity at 150.3°C at which it is prefigured to induce its maximum flowability.
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Finally, to summarize the results from the rheometer, the tests performed under the isothermal

condition showed that, time taken for the initiation of the cure reaction (gelation) decreases with

the increase in temperature. This knowledge of the gel time of the resin system at varying

elevated temperatures, facilitates to find the exposure time of the Cycom-5320 resin system,

before any curing takes place during the actual forming operation.
3.5. Structural Components

3.5.1. Design Requirement

The rig (see Figure 3.13) was designed with following design requirements in mind:

(a) From the stress point of view, it should be able to withstand a force up to 20,000N (20
kN).

(b) The rig must be able to shear up to an angle of 70°.

(c) The rig must be able to handle samples of different thickness from 0.55 to 3.50 mm.

(d) The rig must be able to handle samples of the cross section area 310x310 mm”.
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Figure 3.13 Structural outline of the test set up: 1- clamping plate, 2- clevis, 3- shoulder
bolts, 4- lower jaw, 5- clamping bolts.

3.5.2 Clamping plate

The clamping plate as shown in Figure 3.14 is a component that enables to clamp the sample
onto the frame. The upper plate of thickness 0.4 inches, while the lower is of 0.6 inch thickness.
Each clamping plate is also supported by 4xM12 bolts which helps in the firm clamping of the
sample without any slippage. By this, it was also made sure that samples of various thickness
were able to be clamped and tested in optimum conditions. But in this thesis, C-clamps have
been employed as an alternative to bolts to facilitate firm clamping of the plates and also to
ensure pure shear throughout the frame. The C-clamps (see Figure 4.1) have been used based on
the recommendations of the previous work which reported that, clamped boundary conditions are

preferable to impart pure shear deformation for prepreg materials [21].
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Figure 3.14 Design of clamping plate.

In a similar way, three other clamping plates were connected to each other by shoulder bolts at
the ends, which helps in rotating the arms freely without any hindrance. A lot of picture frame
set-ups have been designed in the past in-order to reduce the friction between the plates. By
introducing the shoulder bolts into the setup, it acts as a bearing which helps to reduce the
friction between the plates during testing. The plates are designed in such a way that they are
able to shear up to an angle of 70° before they come in contact with each other. The plates were

made of stainless steel in order to make sure they withstand high temperature.
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3.5.3 Clevis
The installation of clevis on to the frame enable us to set up the frame onto the tensile machine.
It acts as a connector (see Figure 3.15), connecting the frame onto the load cell which in turn

records the amount of load experienced by the frame. The clevis is found to be made up of one

Figure 3.15 Clevis.

piece of steel in order to enhance the structural rigidity of the frame. Finally the clevis is fastened

by pins which holds on to the frame firmly without any clearance.

3.6. Summary

From the iso-thermal tests performed using the DSC and rheological analysis the cure reaction
of the Cycom-5320 OOA resin system was reported to start at a temperature between 110.67°C-
113.5°C. This helped to determine the operating temperature of the resin system by overcoming
the curing during the forming process. Further, the picture frame rig was designed in a way that
the arms are free to rotate around the hinges which help in imparting pure shear throughout the

shear process.
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CHAPTER 4: TEST RESULTS AND
DISCUSSION

This chapter aims to investigate the in-plane shear behavior of the out of autoclave (OOA)
carbon epoxy thermoset prepreg using the picture frame test. Tests were performed at varying
operating conditions (temperatures, displacement rates and lay-up sequences) in order to

determine their contribution on the deformability of the fabric.

4.1. Test method and results

The SHS and 8HS samples were cut cross shaped as shown in Figure 4.1 (a) and clamped onto
the rig without any misalignment at an angle +45° to the direction of the applied tensile force
(see Figure 4.1(b)). The frame was then mounted onto the MTS tensile machine and a tensile
load was applied at the cross heads resulting the frame to deform from its initial square

configuration to rhomboid [41,55], as in Figure 4.1(c). This results in trellising behavior and the

sample experiences pure shear throughout its surface [2].

() (b) (©)
Figure 4.1 Set-up (a) initial sample, (b) un-deformed (square) frame and (c) deformed
(rhomboid) frame.
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The cross head load required to deform the sample was recorded instantaneously by the MTS
system with the help of a 2.5KN load cell. The test results discussed here are based on the load-
displacement curves that were obtained from the tensile testing recordings. The tests were
terminated at a displacement of 104 mm. Figure 4.2, shows the typical load-displacement
response of two layered [0,90] SHS and 8HS OOA carbon/epoxy prepreg at room temperature
and constant displacement rate of 20mm/min. The results show that the initial stiffness of both
the samples are low up to a displacement of 60mm. However, on the whole, the stiffness of the

8HS sample is found to be greater than the SHS during this range.
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Figure 4.2 Load vs displacement curve at room temperature and 20 mm/min.

The amount of shear possible between the adjacent yarns before they come in contact with each
other and limit the in-plane shear deformation (locking angle) were analyzed by comparing the
shear force with the calculated shear angle. The shear force and the calculated shear angle at any
state of deformation were resolved based on PJN assumptions from the equations 1.1 and 1.3.
The shear force vs shear angle response of the SHS and 8HS sample is plotted in Figure 4.3. It is
seen that the curve exhibits three zones of deformation [2]: (zone: 1) the yarns tend to place each
over the other and start to rotate at the crossover points (in-plane shear), (zone: 2) once the yarns

come in contact with each other they restrict further deformation and tend to lock (locking angle)
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[2], (zone:3) further deformation results in the yarns to wrinkle out-of-plane. It is also visualized
that during the initial stages of the deformation the shear load is relatively low. This is since,
initially the adjacent yarns have much space to rotate in between them and also because at this
stage only friction between the yarns serves as the major resistance to shear [39]. But, later as the
deformation proceeds there is a sudden drastic increase in the shear load curve since yarns come
in contact with each other. At this stage, the lateral compression serves as the major resistance
[4,39,40,46].The angle at which this response is observed is reported as the locking angle.
Theoretically, this angle marks the onset of wrinkling. In this case, irrespective of the operating
condition an extensive wrinkling was visible during the latter part of the test. So the prime

objective of this study is to find the nominal operating conditions which postpones the onset of

wrinkling.
600
—8—38- harness —@—5- harness ‘ Wrinkling
500 - zone
400 -
I Locking
zone

Shear Load (N)
(73]
=

[}
(=
<

100

0 10 20 30 40 50 60
Shear angle (deg.)
Figure 4.3 Shear load Vs calculated shear angle at room temperature and 20 mm/min.

The comparison between the calculated shear angle (based on PJN equation 1.3) and measured
shear angle are plotted in Figures 4.4 and 4.5. The picture frame rig was equipped with a 3D
digital image correlation (DIC) system (an image analysis device rigged with two high
magnification cameras) which is capable of capturing images at various stages of deformation, as
in Figure 4.18. The results from DIC are explained in detail in section 4.5. These sequential

images from DIC were then imported into AutoCAD to measure the experimental shear angle.
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Figure 4.5 Comparison between calculated and experimental shear angle for SHS.
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It is noticed that the experimental shear angle follows the theoretical shear angle during the
initial stages of deformation. Then, as the deformation increases, it is observed at a shear angle
of 30° the calculated shear angle deviates from the experimental angle for both 8HS and 5HS
samples. In addition, the locking angle is also found to be graphically plotted in Figure 4.4 and
4.5, as suggested by Scouter [45,56]. It is witnessed that the locking angle of the 8HS is
approximately 33.2°, while for SHS is 31.8°. The locking angle of the 8HS sample is found to be
4.4% higher than the SHS sample even when sheared at same conditions (room temperature and
20mm/min). This difference in locking angles between the samples may be attributed to their
difference in weave style, yarn width and areal density, which are to be investigated in detail in
forthcoming section 4.7. To facilitate the effect of elevated temperature on the in-plane shear
behavior of the woven prepreg, the fabrics needs to be heated in a controlled and uniform
manner. The next section discusses regarding the various facilities used to heat and monitor the

temperature of the samples during the project.

4.2. Heating facility
In order to perform the tests at elevated temperatures a non-contact infrared heater manufactured
by Watlow® of specification 5000 W and 240 Amps was used for investigation. The heater was

capable of generating a maximum surface temperature of 1570°C; however for this application,

Figure 4.6 Positioning of the heating set-up.
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a much lower temperature of 90°C (maximum) was required, taking the forming operation into
consideration. The positioning of the heaters with respect to rig is shown in Figure 4.6.
Controllers were used to adjust and monitor the temperature of the heater. Thermocouples,
sandwiched within the sample were used to monitor the temperature of the sample and the test
was started only after the sample was held at processing temperature for 10 minutes. By this, it
was made sure that uniform temperature was achieved throughout the sample. The data
acquisition system; which is a temperature monitoring system enabled by a set of thermocouples
was used to monitor the surface temperature of the sample. The thermocouples were positioned
at three different locations as indicated in Figure 4.7 (a). It can be seen in Figure 4.7 (b) that the
difference in temperatures recorded by the thermocouples placed at both sides (front and rear
side) of the sample is almost negligible. This indicates, almost a uniform temperature is achieved

throughout the prepreg during the test.
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Figure 4.7 (a) Locations of thermocouples and (b) temperature recorded by thermocouples
placed in three different locations on the prepreg.

In addition non-contact Mastercraft#57" infrared temperature sensors and a FLIR T420 infrared
camera (see Figure 4.8) were used to monitor the temperature. The Figure 4.9 shows the output
of the temperature gradient obtained by the FLIR® infrared camera. The pictograph shows the

surface heat and difference in temperature at two different points on the sample.
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Figure 4.8 Photograph of the (a) Mastercraft#57® IR temperature sensor and (b) FLIR
T420® IR cameras (Courtesy: FLIR).
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Figure 4.9 Temperature gradient from the FLIR® system.
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4.3. Effect of temperature

The actual forming operation takes place under high elevated temperature in order to ease the
operation. The effect of operating temperature on the in-plane shear deformability of the fabric
was investigated. Both 8HS and SHS cross-ply laminates [0,90] were investigated under constant
cross head displacement rate of 20 mm/min and varying operating temperatures (50°C, 70°C and
90°C). Figures 4.10 and 4.11, the load Vs measured shear angle (using DIC) graph depicts the
effect of operating temperature on the deformability of the fabric. The results show that the axial
load decreases with the increase in temperature for both 8HS and 5SHS samples, which is in
accordance with the expected results. A similar result was found to be reported by B.Zhu et al.
[3]. At lower temperature the load is seen to be high and later as the temperature increases the
load is found to relatively decreasing. This behavior is attributed to the change in resin viscosity
with the operating temperature as discussed earlier in the previous chapter. The results had
shown us that during the initial stages, viscosity decreases with the increase in temperature.
While later viscosity was found to drastically increase with the temperature. In this case, we are
much curious regarding the first 10 min, since the actual shear test (picture frame) was
performed within this duration of time. To corroborate this the table 4.1 enlists the viscosity at
varying operating temperatures during this period (10 min). Results indicate that in the initial
stages, viscosity of resin at 100°C to be much lesser than at 90°C and 70°C. Thus, on a whole,
the rise in temperature decreases the amount of load required to shear the sample due to the

transition of resin from un-gelled glassy state to a liquid state.

Table 4.1 Viscosity at elevated temperatures.

Temperature (°C)  Duration (min) Viscosity (Pa.s)

70°C 10 1.16x10"4
90°C 10 6.63x10"3
100°C 10 6.07x10"3
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Figure 4.11 Picture frame test on S harness at varying temperatures and 20 mm/min.
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The same procedure used before to determine the locking angle is implemented here to
determine the locking angles at elevated temperatures. Figure 4.12 compares the locking angles
of both 8HS and 5HS samples at different elevated temperatures. Results show that, with the
increase in operating temperature an increase in the locking angle is witnessed, which in turn
would postpone the onset of wrinkling. In addition, the 8HS samples are found to have on a
average 4.6% -7.3% higher locking angle than SHS at all these conditions which suggest that
8HS have better drapability than SHS samples.
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Figure 4.12 Locking angles of 8 harness and 5 harness at varying temperatures.
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4.4. Effect of displacement rate

In equal importance to the operating temperature the rate of forming is noticed to have a nominal

effect on the forming process. The effect of forming rate on the in-plane shear deformability of
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Figure 4.13 Picture frame test on 8 harness at varying ramp rates and 70°C.
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Figure 4.14 Picture frame test on S harness at varying ramp rates and 70°C.
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the fabric at constant temperature (70°C) and varying ramp rates (2 mm/min, 50 mm/min, 100

mm/min) are shown in Figure 4.13 and 4.14. It is evident from both graphs, for both 8HS and

SHS samples that increase in shear rate increases the load required to shear the sample at any

given temperature. Photos taken during the test (see Figure 4.15) shows that wrinkling had

started to initiate at almost half way through the test and became much severe at the latter stage.

Wrinkling

Figure 4.16 Onset of Wrinkling

Figure 4.16, shows the side view of the final
sample sheared at a rate of 100 mm/min where
prominent wrinkling is visible. For both 8HS and
SHS prepregs it is to be noted that, during the
initial stages (up to a measured shear angle of 12°)
there is found to be a 20% increase in load as the
shear rate increases from 5 to 100 mm/min. But,
later as the deformation proceeds (beyond 12°
shear angle) twice the increase in load is witnessed.
Moreover, a similar response was also seen when
sheared at room temperature. Figure 4.17 compares

the locking angles of both 8HS and SHS samples at
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varying shear rates and 70°C. Results show that locking angle decreases as the shear rate

increase, which in turn resulted in serious wrinkling when sheared at high rate.
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Figure 4.17 Locking angles of 8 harness and 5 harness at varying shear rates.

4.5. Digital image correlation (DIC) analysis

The picture frame rig was equipped with a 3D digital image correlation (DIC) system (Figure
4.18) which is capable of measuring the strain field and out of plane displacements at varying
stages of deformation. The DIC is seen to be rigged with two high magnification cameras which
is capable of capturing images during the test. In order to facilitate image analysis, random
speckle patterns (white spots) were drawn on the surface of the sample. During the shear test,
these patterns tend to deform from their original position to different point vectors. At the same
time, the DIC starts to record the displacement of each facet point throughout the test. With the
known reference vectors and the displacement vectors the strain at each stage can be calculated
just by differentiating [57]. The major advantage that sets apart the DIC from other strain
measuring devices is its ability of full field strain registration (overcoming the limitation of

single point registration) and its ability to operate without being in contact with the sample
surface [57,58].
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Figure 4.18 Experimental setup containing DIC and picture frame clamped on MTS.

4.5.1. Strain results

This section discuss regarding the variation of the various strain elements throughout the test
process. The sequential images taken by the DIC were further post processed using VIC-2D
correlated solution to determine the contour plot of the sample at the onset of wrinkling. The test
was performed on 2- layered 8HS sample at an elevated temperature of 70°C and a rate of 20
mm/min. The contour plot of the axial strain (ey) at the end of the shear is shown in Figure 4.19
(a). As seen from the figure, the entire sample surface is seen to be under a compression
(negative strain). This was expected since a tensile force is applied across the diagonally
opposing ends (top side) of the frame. A maximum axial strain of 3415x10™ is seen to be
observed at the two sides of the sample. This helps to predict the possible position of the onset of

wrinkling (along the sides of the sample).

In contrast, the contour of the transverse strain (eyy) at the end of the shear shows the surface of
the sample to be under tension (positive strain) throughout. This result is in accordance with the

trellis behavior of the frame. A maximum transverse strain of 3340x10* was witnessed at the
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Figure 4.19 Strain fields at the end of the test (a) axial strain and (b) transverse strain.

side of the frame (see Figure 4.19 (b)). The contour plot of the shear strain field at various stages
of deformation is plotted in Figure 4.20. Figure 4.20(a) shows that initially (y= 12°) shear strain
is almost equal throughout the sample. But later, as the shear angle increases (see Figure 4.20 (b)
and (c)) the magnitude of the shear strain is seen to increase throughout the sample. At a
measured shear angle of 43°, the shear strain is seen to be maximum at the sides of the samples
(the same location where the maximum axial strain was observed). This indicates, a possibility of
onset of wrinkling near the side of the sample. However, VIC-2D® was not able to predict the
exact point of onset of wrinkling. Earlier literature [59] had reported that VIC-2D® was not
reliable to capture the onset of wrinkling. Therefore, further 3D analysis would help us to obtain
a better idea regarding the exact location of onset of wrinkling. On account of performing 3D
investigation, images from DIC were post processed using a VIC-3D® correlated solution. Visual

inspection of the post processed images from DIC helps to plot the contour of the specimen-
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Figure 4.21 Post processed 3D images from DIC (a) y= 0°, (b) y= 8°, (¢) y= 15°, (d) y= 27°,
(e) y= 37° and (f) y= 43°. [8HS prepreg at 70°C].

at various stages of shear. Figure 4.21 (a) to (e) displays the sample undergoing shear as the
deformation proceeds. It is evident distinctly in Figure 4.21 (e) that wrinkling initiates at the
corners near the clamping area at a shear angle of 37°, and then propagates throughout the
sample. This angle is noted to be 3.24% lower than the locking angle (38.2°) measured from the
previous investigation. Even though the difference is not much, in depth analysis has revealed
that actual wrinkling happens a bit earlier than the actual locking angle. However, in most other
samples, especially samples tested at room temperature, the onset of wrinkling was observed
exactly at locking angle. This variation might be due to the limitation of the DIC to operate at
high elevated temperatures. This shows that locking angle can be only one of many reasons for
wrinkling but not the sole factor [60]. This difference might also be due to other factors; layer
compaction and ply bending which requires further investigation. However, on the whole; while
forming it is much safer to stay within the locking angle to overcome the onset of wrinkling.
Although the results seem good, one major disadvantage of this setup was that the DIC was not

able to record the onset of wrinkling at all operating conditions, especially at high elevated
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temperatures (90°C). This might be caused due to the distortion of the speckle pattern by the
oozing of resin when operated at high temperatures. Therefore, it is preferably better to equip a

DIC system for dry fabrics than for prepreg analysis.

4.6. Influence of layer interaction

Since, most forming operations are carried out on thicker samples to meet the requirements of
day-to-day applications, the effect of the thickness (layer interaction) on the intra-ply shear
behavior is to be investigated to obtain more reliable data. Tests were performed on 8HS samples
at a constant temperature (70°C) and displacement rate (20 mm/min) varying the layer counts (1
layer, 2 layers and 4-layers). The laminates were sequenced as follow, 1- layer ([0]), 2- layer
([0,90]) and 4- layer ([0,90]s). In general, it is to be noted that areal density of the sample
increases with the increase in layer count. By this it was made sure that a change in shear

behavior with layer count (layer interaction) was characterized and plotted in Figure 4.22.
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Figure 4.22 Effect of layer count on in-plane shear behavior.

It is witnessed that as the number of layers increase there is a considerable increase in load, due
to the interaction of layers and nominal increase in areal density. Thicker samples (4-layers) with

a high areal density require greater load for deformation and are seen to have lower locking angle
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as in Figure 4.23. In contrast, thinner samples (1- layer) with a lower areal density tend to have a
higher locking angle. Thus, increase in layers results in interaction between the adjacent layers
resulting in earlier interlocking. These observations confirm the findings of Taha et al. [45], who
compared fibers of varying areal density. Hence, it can be concluded that lower the interaction

between the layers ease the shear deformation which is eminent while forming.
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Figure 4.23 Locking angles of 8 harness at varying layer count.
4.7. Samples Geometry Variation
Throughout the shear process, a nominal change was observed in tow width and layer thickness.
To investigate this variation, both layer thickness and tow width were measured using the digital

caliper to an accuracy of £0.01 mm throughout the shear deformation.

4.7.1. Thickness variation

The thickness of the sample was measured at three different points on the specimen and on
taking average of the results, a considerable variation was observed in thickness throughout the
shear process. Results are reported based on tests performed on cross-ply [0,90] (SHS and 8HS)
laminates at both room temperatures and elevated temperature (70°C) as in Figure 4.24. It is seen
in Figure 4.24 that the thickness of the sample increases as the shear proceeds. At room
temperature, Figure 4.24 (a), the thickness variation in SHS is found to be higher than the 8HS
sample. Initially, up to a shear angle of 13° the difference in thickness between 8HS and SHS is
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found to be small (13.2%), but later beyond 13°, a drastic variation in thickness was observed
between the samples. Finally, there was reported to be a 68.46% increase in initial thickness in
8HS, while a 83.99% in SHS sample at room temperature. The SHS sample is seen to have
increased almost twice its initial thickness; this behavior might be due to its high yarn width
value which is to be discussed in detail in section 4.7. A similar observation was reported by
Lomov et al. [47] who, while investigating the shear behavior of multi axial stitched preforms
found that the thickness of the sample increases as the shear deformation proceeds in order to

obtain a constant volume throughout the shear deformation.
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Figure 4.24 Variation of sample thickness in (a) room temperature and (b) 70°C.

At elevated temperatures (70°C) the same trend as in room temperature is witnessed. In this case,
up to a shear angle of 33°, both samples are seen to have almost same thickness. Finally, there is
a 79% increase in thickness for 8HS and a 92.1% for SHS at elevated temperatures. This is found
to be 10.54% higher than that at room temperature for 8HS and 8.11% higher for SHS samples.
Hence, based on the experimental results it is believed that the increase in thickness at elevated

temperature is higher than when operated at room temperature.
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4.7.2. Tow width variation

In addition to the thickness variation of the samples, the change in tow width during the test is
measured. Similar to the previous test, the yarn width was measured at three different points and
average was taken. The variation of the yarn width with the measured shear angle at both room
and elevated temperatures are discussed in Figure 4.25. In contrast to the layer thickness, the tow
width is found to nominally decrease as the shear proceeds, for both 8HS and SHS samples. In
both the graphs, the measured yarn width is considered to be approximately low until a shear
angle range between 33° to 38° (depending upon the material and operating conditions). Until
this stage, the lateral compression is found to be low as the yarns have much space to rotate in
between them. Beyond this point, it is observed to be a drastic decrease in the measured yarn
width as the yarns come in contact with each other and tend to lock (locking angle). Finally, at
the latter stages, between a shear angle range 48° to 53° (depending on the material and
operating conditions) the yarn width is seen to stay constant with no further decrease, indicating
the contact of adjacent yarns.This stage might indicate the onset of wrinkling [2]. Thus, we could

see that yarn width variation serve as the one of the major reason for the onset of wrinkling.

Theoretically, Zhu et al. [2] proposed a relation between the shear angle and yarn width to

determine the calculated yarn width,
W = Wy COSY 4.1

Where, ‘w’ is the calculated yarn width, ‘wy’ is the initial yarn width and ‘y’ is the measured
shear angle. The comparison between the measured and calculated yarn widths at various shear
angle i1s seen in Figure 4.25. At room temperature, Figure 4.25 (a), up to a shear angles of 33°
(8HS) and 29° (SHS) the calculated yarn width is noted to be almost equal to the measured
width. Beyond this, the calculated yarn width is seen to deviate largely from the measured yarn
width. According to Zhu et al. [2], this point of deviation marks the onset of locking (locking
angle). But, in this case experimentally the locking was witnessed at shear angles 35.5° (§HS)
and 33.4 (5HS). Even though the results don’t exactly match, the variation is not so large (within
4.4% of variation). While at elevated temperature (see Figure 4.25 (b)), the yarn width variation
is observed to follow the same trend as the former. In this case, the variation between the

measured and calculated yarn width is seen to be much larger.
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Figure 4.25 Variation of yarn width in (a) room temperature and (b) 70°C.

In addition, on a whole, a 19% decrease in yarn width is observed for 8HS and a 25% decrease
for SHS at room temperature. Parallely, at elevated temperatures, a 27% decrease is witnessed
for 8HS and a 34% decrease for SHS samples. This confirms that the yarn width reduction at
elevated temperature is much more than at room temperature. This behavior of prepreg requires

further investigation which is discussed in detail in section 4.8.

4.8. Microscopic analysis

Microscopic analysis was performed in order to visualize the mechanism of tow deformation
within the fiber during the shear process. Both optical microscope and scanning electron
microscope (SEM) were used to perform a detailed analysis. Specimens for the microscopic
observation were prepared as follows. Firstly, the sheared samples were cured at 120°C for 3
hours in oven to restrict any distortion in the sheared geometry. Then, specimen of size 20x15
mm” was cut from the cured samples and placed inside a mold. Finally, a mixture of resin (Epon
828") and hardener (Epikure 3046") mixed at a ratio 2:1, were poured into the mold and cured
for 24 hours at room temperature, then for 1 hour at 100°C. Further to facilitate keen observation
surface specimens were grinded and polished by a Mecatech 234® polishing machine as shown
in Figure 4.26. The system was operated under at an optimum speed of 300 RPM with a force of
20 newtons applied to hold the samples to enable uniform grinding of the samples. Varying

grades of finer paper (180p, 300u, 600n) were used for grinding and finally the samples were
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fine-tuned by diamond paste (9u, 3p)-polishing solution. By this it was made sure that the

observation surface was free of any scratches and dirt to enable clear observation.

Polishing head
Water coolant
supply R&D
display unit

Diamond o
polish 2

Figure 4.26 Mecatech 234® polishing machine.

Microscopic investigation on SHS satin weave fabric was elaborately discussed by Chang et al.
[61]. However, to date not much work has been conducted to characterize the change in tow
geometry of OOA based prepregs during the shear process. Hence, microscopic observation was
applied to measure the tow geometry such as: tow thickness (t), tow width (W), tow spacing
(AX, AY), amplitude (A) and wavelength (£) based on the same procedure followed by Chang
et.al [61]. These parameters are schematically illustrated in Figure 4.27.
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Figure 4.27 Tow geometry [61].
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(d)

Figure 4.28 Microscopic image of the tow structure at various shear angles of 8HS samples
(a) initial specimen, (b) 12° sheared structure, (c) 24° sheared structure and (d) 52° sheared
structure.

Figure 4.28, shows the microscopic images (5x magnification ) during the various stages of shear
deformation for the 8HS samples. At the start before shear, Figure 4.28(a), an orderly
distribution of tows is witnessed; all tows are found to be of the same shape and evenly spaced
from each other. While during the initial stages of shear (y< 20°), Figure 4.28 (b and c), tows
tend to relocate themselves by sliding over each other. But, at the later stages (y>35°) tows are
seen to come in close contact with each other which eventually led to the split of tows [61] as
shown in Figure 4.28(d). This phenomenon is found to be observed, due to deforming of the
sample beyond its shear zone, which has led to the densification of the sample and in turn to the

splitting of tows. Also on keen observation, a significant change in shape of tows is seen
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through, until the end of the shear process [61]. In contrast, there is not much change in tow
geometry with respect to transverse tow (8™ tow) throughout the shear deformation. A similar
observation was also reported in the literature [61]. This indicates that longitudinal tows are the

ones which contribute more to the shear locking process.

4.8.1. SEM analysis of samples
SEM is used to observe the fine surfaces of the tow structure at high magnification. The Hitachi

S-3400N™, a powerful SEM analyzer is used in this case to perform the observations.

Sliding of tow

TMG 15.0kV 5.0mm x110 BSE3D 70Pa t

TMG 15.0kV 5.1mm x110 BSE3D 70Pa 500um

Figure 4.29 SEM images at various stages of shear (a) before shear, (b) 24° sheared
structure and (c) 52° sheared structure (end of shear).
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The tests were performed at a variable pressure of 70 Pa with an alternating current of 15 kV. By
this, the quality of the image obtained was much better than when performed at high vacuum
(HVAC) conditions. The SEM images (Figure 4.29) taken at various stages of shear are quite
similar to the results observed by an optical microscope. The sliding of tows during the shear
process, (y=24°) is clearly visible at high magnification (Figure 4.29 (a)). In turn, close contact

between the tows had eventually led to the breakage of tows as in Figure 4.29 (c).

4.8.2. Variation of structural parameters
Tow geometry measured using the optic microscope at various stages of shear are listed in Table
4.2. From the microscopic images (see Figure 4.28) it was evident that the adjacent yarns come

in contact with each other as the shear proceeds. In accordance with this, the results in Table 4.2

Table 4.2 Tow geometry parameters (8- harness)

Shear Tow Tow Tow Tow  Amplitude Wavelength
S.No angle spacing spacing Thickness Width
[13 ,Y 2 “AX” “AY” “T” “W” “A” “K”
(deg)  (um) (um) (um) (um) (nm) (um)
1. 0° 124572 208.25 134.69 991.90 542.16 9932.81
2. 12° 1218.46  219.37 149.47 929.70 574.22 9722.71
3. 24° 1189.90  249.21 167.53 889.36 582.15 9569.37
4. 52° 1181.58  282.71 177.96 852.46 662.46 9447.79

shows that x-directional tow spacing (AX) decreases with the increase in shear while the y-
directional tow spacing (AY) increases. Further the tow thickness is seen to increase with the rise
in shear while the tow width decreases as the shear proceeds. Graphically from Figure 4.30 (a)
and (b) it can be further observed that there is a 32.12 % increase in tow thickness while there is

a 12.26 % decrease in tow width at the end of the deformation. This due to the fact that as shear
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Figure 4.30 The percentage of variation of various factors with shear angle (§HS) (a) tow
thickness, (b) yarn width, (c) tow spacing (AY), (d) amplitude and (e) wavelength.
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increases adjacent yarns come in contact with each other, leading to lateral compression, which
in turn increases the tow thickness and decreases the tow width. These results are in conformity
to the manual measurements obtained with calipers during the test. In addition, on account of
lateral compression, increasing with shear [61]; there is also observed to be a nominal increase
amplitude (22.1%) as the shear proceeds. In contrast, to counterpart the increase in amplitude a
4.9% decrease in wavelength () is witnessed at the end of the shear process. Hence, these results

show how the tows in the 8-harness samples reorganize themselves during the shear process.

4.8.3. Microscopic analysis of 5 harness prepreg

Similar to the 8HS samples, the sheared SHS samples were prepared for microscopic analysis.
The microscopic images obtained at various stages of shear are depicted in Figure 4.31. At start
before the shear process, the tows are seen to be evenly arranged with one warp yarn over four
fill yarns. During the initial stages of shear (y< 16°) the tows are seen to relocate themselves with

tows starting to slide.

(a)

()

Figure 4.31 Microscopic image of the tow structure at various shear angles of SHS samples
(a) initial specimen, (b) 16° sheared structure and (c) 38° sheared structure.
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Further, at later stages (y> 30°) the tows are seen to come in close contact with each resulting in
splittage of tows [61]. A similar mechanism of tow deformation witnessed within the 8HS is
visualized during the shear of the SHS sample. The zone at which the splitting of tows is
visualized, marks the start of the locking region. In the case of 8HS, the splitting of tows was
seen to initiate at a shear angle of y > 35°, whereas in case of the SHS, it was witnessed at an
angle of y < 35°. Hence, the SHS samples are seen to lock at an earlier stage, while the 8HS
sample locks relatively later. This corroborates our earlier investigation regarding; comparably

higher locking angles of the 8HS samples than SHS samples.

Table 4.3 Tow geometry parameters (5- harness)

S.No Shear Tow Tow Tow Tow Amplitude Wavelength
angle Spacing Spacing Thickness Width
(13 ,Y 2 “AX” “AY” “T” “W” “A” “&”
(deg.) (nm) (nm) (nm) (nm) (nm) (nm)
1. 0 1971.15 176.73 108.30 2011.97 431.15 9388.56
2. 23 1843.62  212.82 126.39 1865.92 483.16 9152.44
3. 36 1796.45 238.45 137.49 1676.66 537.86 8922.13
4. 48 1761.52  255.63 146.53 1521.41 555.37 8852.45

Tow geometry at various stages of shear for SHS is listed in Table 4.3. Graphically, it is noted
that similar to the 8HS there is a nominal increase in the tow thickness (35.3%) for SHS which is
observed to be 3.1% higher than the former (Figure 4.32). Whereas, there is seen to be 29.35%
decrease in tow width, which in turn is 15% higher than 8HS sample. In addition, regarding the
wavelength there is a 5.7% decrease observed at the end of the shear process. In contrast the tow
amplitude is witnessed to increase by 28.8%. On a whole, the percentage of variation of tow

parameters with respect 5 harness sample is found to be higher than the 8 harness sample.
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Figure 4.32 The percentage of variation of various factors with shear angle (SHS) (a) tow
thickness, (b) yarn width, (c) tow spacing (AY), (d) amplitude and (e) wavelength.
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4.9. Unidirectional (UD) prepreg analysis

To date, not much work has been performed to compare the drapability characteristics between
the woven and UD laminates. In order to facilitate that, this section discusses regarding the
characterizing of the intra-ply shear behavior of the cross-ply [0,90] unidirectional (UD)
laminate when sheared at varying operating conditions. Tests were performed at different
elevated temperatures and strain rates to observe the formability of the fabric. Figure 4.33, shows

the shear mechanism involved when cross-ply laminates are indulged to shearing.

Figure 4.33 Schematic representation of cross-ply laminates during shear.

In order to make the comparison between the materials easier, tests were performed at same
operating conditions as the former tests. Figure 4.34 depicts the effect of operating temperatures
(50°C, 70°C, 90°C) when performed at a constant displacement rate of 20mm/min. A similar
trend observed in woven fabric is seen to be replicated over here, i.e. the load is seen to decrease
as the temperature increases, whereas a much lesser resistance is observed at higher temperature
(90°C). In contrast, since the UD laminates don’t have any links connecting them similar to the

woven fabrics the onset of locking angle seems to be meaningless for the UD prepreg. To
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support this, previous research by Potter [37] and Larberg et al. [11] had reported that no locking
of fibers is possible for UD tape while they tend to wrinkle extensively indicating the limit of
deformation. In our case, some serious wrinkling was clearly visible testing with the UD tape
(see Figure 4.35). The fibers were observed to pile one over the other indicating the limit of
deformation as in Figure 4.35 (a) [11]. In addition, in some trials, even splitting of fibers were
visible at the end of the tests. These observations explain the exact complexity behind indulging
the cross-ply UD prepregs into shear deformation. In order to reduce this complexity and also to
observe the exact onset of winkling, the DIC was installed onto the setup, similar to the woven
fabric analysis. Visual inspection of the images from the DIC reveals that the wrinkling starts to
initiate at a way earlier stage than expected and also the piling up of the fibers (wrinkling) is seen

to be much more severe during the latter stages.
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Figure 4.34 Picture frame with UD fabric at varying temperatures and 20 mm/min.

In addition, to determine the effect of displacement rates on the shear behavior, the UD prepreg
was indulged to test at varying rates (2 mm/min, 50 mm/min and 100 mm/min). Figure 4.36,
shows the load to increase as the rate of shear increases. Experimentally the onset of wrinkling

was also observed to be postponed as the shear rate increases.

68



Load (N)

Serious
wrinkling and
piling of fibre.

Shape of
deformed
fibre.

Figure 4.35 UD fabric (a) onset of wrinkling, and (b) shape of deformed sample.
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Figure 4.36 Picture frame with UD fabric at varying ramp rates and 70°C.
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On the scale of comparison about the angle of onset of wrinkling between the woven and the UD
fabrics at varying temperatures and displacement rates is plotted in Figure 4.37 and 4.38. The
results show that UD tape tend to wrinkle at a much earlier stage than the 8 harness and 5
harness samples. The difference between wrinkling angles is seen to be maximized when tests
are performed at high elevated temperatures (90°C) and high rates (100 mm/min). On an
average, the UD fabrics are seen to wrinkle at (5°-8°) earlier than the 8 harness samples and (3°-
6°) earlier than the 5 harness samples. This shows that the UD tape tends to have less

deformability than the woven fabrics.

Thus, taking forming operation into account; it is much better to stick onto the woven fabrics
than the UD fabrics when working on the complex contours. On a whole, even though previous
research has reported UD tape to have high strength and stiffness, this study suggests that UD

prepregs are not preferable for complex contour forming applications.

# 8- Harness 5- Harness = UD
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Figure 4.37 Wrinkling angles of 8HS, SHS and UD at varying temperatures.
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Figure 4.38 Wrinkling angles of 8HS, SHS and UD at varying shear rates.

4.10. Summary

To summarize this chapter, by investigating the performance of the picture frame test at different
elevated temperatures and displacement rates; it was reported that the onset of wrinkling was
visible at a much earlier stage (also more severe) when forming at low temperatures and high
displacement rates. In addition, on comparing the in plane shear behavior of both 8HS and 5HS
prepreg it was visualized that 8HS have a better drapability than SHS prepreg, making them

favorable for forming operation.

In turn, the results of the microscopic investigation from both the prepregs (8HS and 5SHS)
suggested that, tow width and yarn amplitude decreases as the shear proceeds. Whereas, the tow
thickness and yarn wavelength increase with the shear. Also, breakage of tows were visible at the

end of the shear, indicating the tows were deformed beyond its locking zone.

Finally, the UD cross ply prepreg was indulged to shear analysis to characterize its ease to
deformation. On analysis it was seen that UD prepregs have lesser deformability than woven

fabrics making them not reliable for forming complex contours.
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CHAPTER 5: Bias extension and
optimization technique

As discussed in chapter 2, the bias-extension test is also another test method used to characterize
the intra-ply shear behavior of fabric. Even though a lot of research work has been carried out
earlier using the bias extension test to characterize the shear behavior of the fabric. Some tests
have been repeated in this thesis using the bias extension tests (at same operating conditions as
the picture frame test) in a way that it is comparable to the picture frame test and also to make
this thesis self-contained and independent. To demonstrate these, this chapter initially discusses
the results from the bias extension test and further they are compared with the picture frame test.
In the latter stage of this chapter, all the results from the picture frame test are optimized using
the Taguchi and ANOVA (Analysis of variance) method to determine the optimum condition for

forming based on the intra-ply deformation mechanism.

5.1. Bias extension test

The specimen used for the bias extension is seen of length 100 mm and width 50 mm as shown
in Figure 5.1. Similar to the picture frame samples, random speckle patterns were also plotted in
this sample to enable the use of the DIC to take sequential images at various stages of
deformation. These images were then imported into Auto CAD to measure the shear angle at
various stages. As discussed before in section 2.3.2, full deformation is observed only in ‘Zone
A’ compared with ‘Zone B and C’ due to their difference in boundary conditions. These
conditions enable the measurement of the shear angle displaced by ‘Zone A’ to know the shear

angle of the entire sample.
100 mm

50 mim

Figure 5.1 Bias extension sample [63]
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It is also made sure based on the previous works that the aspect ratio (A= L/W) is greater than or
equal to two, in procedure for the samples to experience pure shear deformation [37,62]. In this
case, both 8-harness and 5-harness samples were investigated for analysis at different operating
conditions. All tests were carried out on 2- layered [+45°] oriented samples in a way enabling
them to undergo shear, when a tensile load is applied across its cross heads. A photographic

image of the test setup is shown in Figure 5.2.

Figure 5.2 Photos taken during the bias extension test.

Bolts were used to clamp the samples in between the plates which were later attached to the
tensile testing machine. A 2.5 kN load cell was used to measure the load. Tests were carried out
at different elevated temperatures (same as the picture frame test) to facilitate comparison with
the picture frame results. The same non-contact infrared heater as in section 4.2 was used to heat
the samples. It was made sure that the samples were held at a constant temperature for 10 mins
before the start of the test. The effect of elevated temperatures (50°C, 70°C and 90°C) and shear
rates (5 mm/min, 50 mm/min, 100 mm /min) on the bias results are explained in detail in the

forthcoming section. At least two trials were performed under each condition.
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5.1.1. Effect of elevated temperature
In addition to the picture frame test, the effect of temperature on the in-plane shear behavior was

re-authenticated by performing the bias extension test. The Figure 5.3 and 5.4 shows the effect
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140 - ——50°C ——70°C —e—90°C
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Shear angle (deg.)

Figure 5.3 Bias extension test on 8 harness at varying temperatures and 20 mm/min [63].
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Figure 5.4 Bias extension test on 5 harness at varying temperatures and 20 mm/min [63].
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of temperature on the 8HS and SHS samples. Moreover, the same trend observed over in Figure
4.10 and 4.11 under the influence of picture frame test can be visualized over here. The load is
seen to increase with the increase in the measured shear angle. In contrast, the extent of
deformation is seen to increase as the temperature increases [67]. This behavior is attributed to
the decrease in resin viscosity with the raise temperature as discussed in section 3.4.2. The
locking angle for the prepregs is determined by the same method outlined before in section 4.1
(the angle at which there is a drastic increase in load). It is observed that, as the temperature
increases the locking angle is found to increase in turn postponing the onset of wrinkling. In
addition, to validate the results from the picture frame test the 8HS prepregs under the bias
extension test are reported to have higher locking angle than the SHS sample under all operating

conditions.

These observations reaffirm the results reported using the picture frame test. However, on the
scale of comparison between the picture frame and bias extension tests, the load under the bias
extension test seems to be much lower than the picture frame test results. Thus, in order to make
a comparison between picture frame and bias extension tests much reliable, the results from both

the tests need to be normalized, which is to be investigated in forthcoming section 5.2.

5.1.2. Effect of displacement rate

The effect of the displacement rate of the in-plane shear behavior of the bias- extension test is
shown in Figures 5.5 and 5.6. It is witnessed that up to a shear angle of 44° the loads under
varying shear rates are observed to be almost equal for both 8HS and 5SHS prepegs. Later,
beyond 44° a drastic increase in load (almost twice an increase) is visualized. In addition, similar
to the picture frame test the load seems to increase with the increase in shear rate. In contrast, the

deformation is seen to decrease as the shear rate proceeds.

The locking angles obtained at the varying shear rates show that locking angle decreases with the
increase in shear rate for both 8HS and SHS samples. Zhu et al. [3] performed the bias extension
test using the plain woven fabric at different loading speeds and reported that the onset of
locking is postponed as the displacement rate increases; thus confirming obtained results in this
work. In addition, severe wrinkling and slippage of fibers were reported during shearing at high
rates. Thus, based on the above discussion, it can be concluded that it is much better to deform

samples at low rates to postpone the onset of wrinkling.
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Figure 5.5 Bias extension test on 8 harness at varying ramp rates and 70°C [63].
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Figure 5.6 Picture frame test on 5 harness at varying ramp rates and 70°C [63].
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5.2. Comparison of two tests
Both the results obtained from picture frame test (section 4.3 and 4.4) and bias- extension test
(section 5.1) are compared. Taking the variation between both these tests into consideration, a

normalization needs to be performed.

5.2.1. Area normalization

Based on previous understanding, it is known that comparably picture frame test experience a
pure shear deformation than the bias extension test (due to its three zones of deformation).
However, it's been reported from previous literature [3,37,41,42,55,65] that the Zone A
experiences a pure shear due its free edges when compared with other two zones; which have at
least one of their edges clamped. This helps to come to a conclusion that a comparison between
these two tests must be made only based on the pure shear zones (A; and A;), as denoted in
Figure 5.7. However, it could seen in the figures that area of pure shear in the picture frame test
is much higher than that of the bias-extension test. Henceforth, the results of both the tests were

normalized based on their area of shear [65] as discussed below.

Figure 5.7 Indication of pure shear zones in picture frame and bias-extension samples.

The area of pure shear zones in the picture frame and bias extension tests is reported to be of

dimension 16,129 mm? and 2,500 mm?. The results were normalized as follows, [65]

l:"load

F = 5.1
norm Area of shear (-1

Where Fi.q denotes the actual load from MTS device and F,omm denotes the normalized load. The

graph plotted between normalized load and shear angle for 8HS and SHS is depicted in Figure
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5.8 and 5.9. The load is seen to be expressed in terms of ‘N/mm?’ which makes the load value

much lesser in a way to facilitate comparison.
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Figure 5.8 Comparison between picture frame and bias extension test for 8HS.
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Figure 5.9 Comparison between picture frame and bias extension test for SHS.
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It is observed from both the graphs that normalization of the results has not changed the trend of
the results reported before. In turn, the trend observed under the picture frame test is seen to be
higher than the bias-extension test results. A similar results were reported in literature [41,45].
For the 8HS samples, only a 28% difference in normalized loads is observed between the picture
frame and bias- extension results up to a shear angle of 30°. But, beyond this angle more than
twice a difference between the loads is observed. While, for the SHS samples the magnitude of
difference in the normalized load between the two tests is much higher than the 8HS prepreg.
These variations can come from the slippage of the tows during the bias extension test, which in
turn would enable Zone A to not experience pure shear. These issues were also observed by

Chen et al. [65] during his previous effort to compare both the tests.

In addition, for the 8HS prepreg, the difference in locking angles between both the tests is found
to be only around 0.6°. This shows that bias extension test could be used at times as an
alternative test to characterize the in plane shear behavior of the fabric. However, for the SHS
prepreg a much higher variation of 2.3° was observed. Though, the variation in results between
the samples looks susceptible a previous research by Launay et al. [4] had suggested that the
difference might arise from the variation in manufacturing the sample. However, as a future
work it is suggested to come up with an alternate way of normalization which takes into
consideration, even the shear in the other two zones (Zone B and C). Based on the experimental
procedure, Table 5.1 makes a comparison of the advantages and dis-advantages between both the

tests.

Table 5.1 Comparison between picture frame and bias- extension test.

S.No Picture frame test Bias extension test
1. A complex rig setup which requires Simple test with no rig required. But,
specialized design [41]. requires specialized clamping.
2. Pure shear deformation throughout the Heterogeneous shear deformation in
sample. various zones [41].
3. Misalignment of samples while In contrast, misalignment is observed
clamping is a major issue. during the test.
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5.3. Process Optimization

Till now we have discussed regarding the effect of varying parameters on the in-plane shear of
OOA prepeg. However, it is needed to perform a number of trials before coming to a conclusion
regarding the drapability of the fabric. Therefore, this section investigates regarding optimizing
the test results from the picture frame test. In addition, to drive a conclusion on the significant
parameter which influence wrinkling the most using the Taguchi and Analysis of Variance
(ANOVA) method. The prime objective of this study is to characterize the drapabiliy of the low

cost OOA prepreg at different parameter combinations by reducing the number of trials.

5.3.1. Design of experiments

The first step before the optimization is to select the parameters which influence the
deformability of the fabric the most. In our case, the possible factors which have the most
influence on the deformation are seen to be displacement rate, layer count and operating

temperature. The three levels of each parameter subjected to the analysis are listed in Table 5.2

Table 5.2 Parameters and their levels [66]

Symbol Parameters Level1 Level2 Level3
T Temperature, A, 23 70 90

Y®)
D Displacement 2 50 100

rate, B, (mm/min)

N No. of. layers, C 1 2 4

Next it is needed to select an orthogonal array depending upon the levels of each parameter.
Since there are three levels for each parameter (3°) we chose an L9 orthogonal array for further
analysis. The L9 orthogonal array used for the analysis is listed in Table 5.3. The different levels

of each parameter were selected based on the previous literature works.

5.4. Taguchi method

The Taguchi method is a powerful optimization technique used formidably for years to design an
experiment. It is a simple, efficient and systematic tool used to select the optimum parameters

[68].
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Table 5.3 L9 orthogonal array

Parameter

level
Trial no T D N
1. 23 2 1
2. 23 50 2
3. 23 100 4
4. 70 2 2
5. 70 50 4
6. 70 100 1
7. 90 2 4
8. 90 50 1
9. 90 100 2

In this case, this technique is used to determine the effect of each level of parameters and their
combinations on the outcome of locking angles. The wrinkling which tends to occur during the
composite forming has been considered as one of the unwanted defects. Even though the locking
angle may not mark the exact point of ‘onset of wrinkling’, it is always better to deform a sample
within its locking limit to avoid any unwanted defects. In addition, based on the results from the
previous chapters, it is known that; higher the locking angle, postponed the wrinkling and better
the formability of the fiber. Taguchi has come up with an equation to calculate the signal-to-

noise (S/N) ratio for this case as listed below, [69]

S/N = —10lo g (MSD) (5.2)

1 n 1
(MsD) = — Z-=1<37>

Where MSD = Mean square deviation; y; = observations; n = no of tests in a trial. The S/N

values obtained for both 8HS and SHS samples are summarized in Table 5.4.
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Table 5.4 Summary of results of locking angles and S/N values

Parameter Locking angle S/N

Level [L.c] (Degree)
Trial No A B 8-Harness S5-Harness 8-Harness 5-Harness
1. 23 2 36.3 35.2 31.1981 30.9308
2. 23 50 31.3 29.6 29.9108 29.4258
3. 23 100 26.8 25.2 28.5626 28.0280
4. 70 2 40.5 39.2 32.1491 31.8657
5. 70 50 354 34.1 30.9800 30.6550
6. 70 100 35.6 34.5 31.0289 30.7563
7. 90 2 41.4 39.7 32.3400 31.9758
8. 90 50 39.1 36.9 31.8435 31.3405
9. 90 100 36.2 35.2 31.2220 30.9308
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Correlating the results from Table 5.4, it’s seen that 8HS tend to have a higher locking angle than
of the SHS samples. This response has been attributed to the variation in areal density between
the samples. Since, comparably the SHS have higher density (1178.62 g/m?) it tends to
experience high shear resistance at smaller deformation which leads to earlier interlocking. Thus
reduced areal density leads to postponed interlocking and wrinkling which is appreciable in
terms of forming. These observations confirm the finding of Zhang et al. [39], who compared 3D
woven preforms of varying areal density. This helps us to conclude that 8HS samples have better

drapability than the SHS samples [63,66].

It is also witnessed in both 8HS and SHS samples that increase in temperature leads to postpone
interlocking which is appreciable in terms of draping complex contours. Increase in temperature
from 23°C to 90°C has led to a phenomenal increase in locking angle. As discussed before in
section 3.4.2.1, this is due to the decrease in resin viscosity with the raise in temperature,
accompanied by the transition of resin from the rubbery to liquid state [30]. Thus, the effect of
wrinkling is comparably much dominant while forming at low temperatures than at high

temperatures [64,67].

In contrast, increasing the speed rate has led to locking at an earlier stage resulting in smaller
locking angles. Increasing the speed rate increases the rate at which adjacent yarns come in
contact with each other, which in turn results to densification at smaller displacement. This
causes locking at smaller displacements. On the other hand, at smaller speed rates densification
tends to occur at later a stage of displacement which leads to postponed inter-locking. Hence, the
impact of wrinkling is found to be much predominant during the forming at higher displacement
rates. The response of the S/N ratio (both 8HS and SHS) to each parameter combination is listed
in Table 5.5 and 5.6.

The best parameter combination can be selected based on S/N ratio response in Table 5.5 and 5.6
by selecting the highest difference value (marked in red) of each parameter [69]. In turn, linear
graphs in Figure 5.10 and 5.11, depicts the effect of varying levels of parameters on the locking
angle for both 8HS and 5SHS prepreg. Figure 5.10 (a) and 5.11 (a) suggest that the effect of
temperature increases as the level proceeds from 23°C to 90°C. In addition, the shift in
temperature from 23°C to 70°C is seen to have a comparably a drastic influence on S/N response

than the shift from 70°C to 90°C.
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Table 5.5 S/N response (8HS) Table 5.6 S/N response (SHS)

Level A B C Level A B C

1. 29.8905 31.8957 31.3568 1. 29.4615 31.5907 31.0092
2. 31.3860 309114 31.0939 2. 31.0923  30.4737 30.7407
3. 31.8018 30.2711 30.6275 3. 31.4157  29.9050 30.2196
Difference 1.9113 1.6246  0.7293 Difference 1.9542 1.6857  0.7896

While, from Figure 5.10 (b) and 5.11 (b) it is observed that the effect of the shear rate is seen to
decrease as the levels proceeds from 2 mm/min to 50 mm/min and later to 100 mm/min. Figure
5.10 (c) and 5.11 (c) in turn indicates that the effect of the layer counts decreases as the no of

layers increases from 1 to 4 layers.

Based on these outcomes from the Taguchi method, Table 5.7 summarizes the best parameter
combinations recommended to reduce the onset of wrinkling during the forming operation.

These results are based on the effect of locking angles on the in plane deformation of the fabric.

Table 5.7 Ideal parameter combinations

Factor Values
Temperature, A 90°C
Displacement rate, B 2 mm/min
No.of.layers, C 1 layer

In addition, based on the differences in S/N values listed in Table 5.5 and 5.6 it can be noted that
the difference created by temperature is much higher than the difference created by other two
parameters. Hence, these results from Taguchi method indicate that influence of temperature on

the locking angle is much significant than other two parameters (displacement rate and layer
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count). These outcomes from the Taguchi method is further verified by performing the Analysis
of Variance (ANOVA) to determine the percentage of contribution of each parameter on the

onset of wrinkling (locking angle).
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Figure 5.10 Combination of parameters of 8HS at different levels (a) Temperature, (b)
displacement rate and (c) layer counts.
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5.5. Analysis of Variance
The results were further analyzed using Analysis of Variance (ANOVA) method to determine

the percentage of contribution of each parameter [70]. The percentage of contribution by each

parameter on both 8HS and SHS is shown in Table 5.8 and 5.9.

ANOVA calculates the sum of squares (St ) of all parameter based on the following equations,

[69]

(Lcag + Legg + o+ + Lean)? (5.3)
N

Sr= (Lc2, + Lc2, + -+ Le2y) —

Where Lc,i, Lea,... are the locking angles at varying parameter levels. Further, the square of

each parameter is calculated by, [69]

_ (ZA)? s (UA)2  (Leyy + Legy + 4+ Legy)2 G4
B KA KA N

Sa

The term S denotes the sum of the parameter ‘A’, and finally the percentage of contribution of

each parameter on the outcome is equated as shown, [69]

Py = 2—: X 100% (5:5)

This enables us to determine the percentage of contribution of each parameter on the onset of
wrinkling. The results in tables 5.8 and 5.9 suggest that, temperature contributes the most on the
onset of wrinkling by 54.60% (8HS) and 53.95% (5HS). Even though the difference in the
contribution by temperature between both the samples might be small it reveals that, comparably
the influence of operating temperature is higher on the 8HS than the SHS prepreg. Whereas,
secondly the displacement rate is seen to contribute 39.42% (8HS) and 38.94% (5HS) to the

onset of wrinkling. Finally, the layer counts are seen to contribute the least to the outcome.

This confirms our previous investigation from the Taguchi analysis that; operating temperature
(resin viscosity) is the most significant factor which influence the onset of wrinkling in both 8HS
and SHS prepreg. Displacement rate and thickness only have a small effect on wrinkling by

contributing less to the overall percentage of dependence.
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Table 5.8 ANOVA (8 harness)

Parameters Degree of Sum of Variance, Contribution,
freedom, f square, S \% %

Temperature, A (°C) 2 90.749 45.37 54.60

Displacement Rate, B 2 65.520 32.76 39.42

(mm/min)

No. of. Layers 2 9.236 4.61 5.55

Error 2 0.685 0.34 0.41

Total 8 166.19 83.09 100

Table 5.9 ANOVA (5 harness)

Parameters Degree of Sum of Variance, V Contribution,
freedom, f square, S %

Temperature, A (°C) 2 89.780 44 .89 53.94

Displacement Rate, 2 64.813 32.40 38.94

B (mm/min)

No. of. Layers 2 9.943 4.97 5.97
Error 2 1.904 0.95 1.14
Total 8 166.44 83.2 100
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5.6. Summary

Firstly, this chapter reported that bias-extension results follow the same trend as the picture
frame test results during the shear analysis. The results of both the tests were normalized based
on their shear area to make the results comparable. These results from both the tests explains the
prime reason behind the picture frame and the bias extension tests being formidably selected to

characterize the intra-ply shear behavior of the fabric.

Later, based on the Taguchi and ANOVA methods of optimization it was reported that high
temperature integrated with lower displacement rate serves as an optimum condition to perform
the forming operation, avoiding the onset of wrinkling. In addition, it was also reported that
temperature serves the most prominent parameter which influence the onset of wrinkling during

the forming operation.
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CHAPTER 6: CONCLUSION

Conclusions drawn from the research work presented in the preceding chapters are summarized

as follows:

IL

I1I.

From the DSC analysis used to characterize the material, it was found that the Cycom-
5320 OOA carbon epoxy prepreg starts to cure at a temperature of 113.5°C when heated
at a rate of 2°C/min. These results were further verified by performing the rheological
analysis, which suggested that the curing reaction starts at 110.67°C when heated at a rate
of 2°C/min. This result suggested that the material should be handled within this
temperature in order to avoid it from curing during the forming operation. Hence, taking
this into account, the operating temperatures (50°C, 70°C, 90°C) were chosen to
characterize the in-plane shear behavior of the OOA prepreg.

The rheological analysis of the resin system showed that, during the initial phase of
transition, viscosity of the resin at 90°C is much lower than that at 70°C and 50°C. In
addition, the gelation time (time to cure) at different temperature were reported as, 243
min (100°C), 453 min (90°C) and 1302 min (70°C). This helped to conclude that the
gelation time decreases with the increase in temperature. By performing the rheological
analysis, we were able to investigate the amount of time we had for forming before any
curing (gelation) happens.

On investigating the in-plane shear behavior of OOA prepreg by subjecting them to
different elevated temperatures and displacement rates, it was concluded that; the onset of
wrinkling is postponed while forming during high temperatures and low displacement
rates. The wrinkling was experimentally found to be observed at the locking angle when
samples were tested at room temperature. However, in-depth inspection of the onset of
wrinkling at elevated temperatures using the DIC concluded that the onset of wrinkling
was visible marginally before the locking angle. This variation might be due to the
distortion of the speckle pattern by the oozing of resin from the prepreg, when operated at

high temperatures.
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IV.

VL

VIL

VIIL

From the microscopic analysis, the sliding of the tows was clearly visible during the
shear deformation. The tows were seen to relocate themselves making a severe contact as
the shear increases. In turn, splittage of tows was visible at the end of the deformation
indicating the tows were sheared beyond its locking zone. Even a phenomenal change in
the shape of the tows throughout the shear process was reported during the analysis. The
SEM analysis also depicted the same results.
In addition, the microscopic analysis also revealed that the tow width decreases with the
increase in shear angle indicating that change in tow width has a major role to play in the
onset of wrinkling. While, the thickness of the tows was seen to increase as the shear
proceeds. In contrast, the wavelength of the yarn cross section was seen to decrease with
the increase in the amplitude to compensate these variations in tow size.
On a scale of comparison between the 8H, SHS and UD prepreg to characterize their
formability; it was concluded that 8HS (3K thickness) has the maximum deformability of
the lot by postponing the onset of wrinkling. Following, the SHS (6K thickness) is seen to
have a reasonable deformability but not as high as the 8HS prepreg. While, the UD
prepreg is observed to have the least deformability making them least preferable for
forming of complex contours. Hence it was concluded that the UD prepreg have less
deformability than the woven prepregs.
The results of the in-plane shear characterization were further optimized using Taguchi
method to determine the effect of various parameters (temperature, shear rates and layer
count) on the onset of wrinkling. Based on the Taguchi method the optimum parameter
combinations for forming were concluded as follows,

e Optimum temperature = 90°C;

e Optimum displacement rate = 2 mm/min;

e Optimum layer count = 1- layer.
Further on analysis using the ANOVA technique (to determine the percentage of
contribution of each parameter on the onset of wrinkling), it was concluded that the
temperature is the most significant parameter which influence the wrinkling the most;
followed by displacement rate and layer count. In addition, it was seen that the influence
of the temperature on wrinkling is marginally higher in the 8HS (54.60) than the SHS
(53.94%) prepreg.
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CHAPTER 7: FUTURE WORK

As for further investigation the effect of other modes of deformation; inter-ply shear, friction
between plies, ply bending and layer compaction on the forming operation needs to be
investigated. Further, taking all these deformation modes into consideration a model needs to be
created to characterize the deformation of the prepreg before proceeding with the actual forming
operation. The actual forming operation needs to be simulated using Aniform® prior to
performing it experimentally. In addition, the various challenges associated with the double
diaphragm forming process need to be overcome. By this, it can be made sure that a high quality

product without any defect (wrinkling and slippage) is formed.
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