ABSTRACT

SURAGANI VENU, LALITH BHARGAVA. A Study on Hydroentangling Mechanisms and
Structures. (Under the direction of Dr. Behnam Pourdeyhimi and Dr. Eunkyoung Shim).

Hydroentangling is a nonwoven mechanical bonding technique which uses a curtain of fine,
high-speed water-jets to entangle fibers in a web structure. The interactions among fibers,
impinging water-jets and forming surface create a strong textile-like fabric as fibers twist,
turn, intermingle and penetrate through the web as a result of water-jet(s) impact. Such
integrated web structures are found in diverse applications Nevertheless, the entangling
characteristics like fiber movement, fiber entangling and its possible path in the integrated
structures are not well understood. Thereby, the purpose of this research is to study the effect
of hydroentangling parameters like jet pressure, nozzle diameter, nozzle-to-nozzle distance

and number of manifolds on fiber entangling and changes occurring within the web structure.

To meet the above objectives, a comprehensive hydroentangled web structure needs to be
analyzed. Hydroentangled structure is three-dimensional (3D) in nature because water jet
impact cause movement of fibers in all directions as well as twisting and turning of fibers.
Thus, digital volumetric imaging (DVI) technique, originally used for medical imaging has
been successfully employed as a means to visualize and characterize the web structures. This
technique is a block-face imaging technique (based on principle of micro-tomography) and

successfully employed to acquire 3D images of the hydroentangled web structure.



In the first part of the study, 3D structures of hydroentangled nonwoven were
comprehensively analyzed using DVI. This study focused on developing and modifying the
available characterizing techniques respectively. For the very first time, key terminologies
like, surface fiber transfer and its profile, 3D fiber orientation, and density/porosity variations
were introduced that defined a typical hydroentangled structure. Furthermore, these
techniques were also employed in other parts of the study to characterize the produced

structures.

In the second part of the study, to understand the fiber entangling mechanisms the study
begun by analyzing the effects of impact of single water-jet on the web structure and
followed by two and three jets respectively. The findings from this study disclosed the
internal structure of hydroentangled nonwovens for the very first time. Besides, the study
also defined a unique assessing parameter called — depth of fiber penetration which played an
important role in fiber entangling. This also includes the study on the effect of nozzle

diameters on the web structures.

In the third part of the study, effects of hydroentangling process variables were studied by
scaling-up the process. This mainly dealt the effects of multiple jets and increasing number
of manifolds which changed the hydroentangled web structure during every individual
impact. This study disclosed the 3D structures for multiple impacts and concluded that fiber
mobility plays an important role in fiber entangling and mechanical properties. Impinging

multiple jets showed formation of loops by surface penetrating fibers which were interlocked



within the web structure. This is unlike one, two and three jets due to fiber interaction under

the influence of adjacent water-jets.

In the concluding part of this study, the effects of orifice-to-orifice distance on web structure
were studied. Analyzing the produced structures disclosed increase in fiber penetration and
amount of surface fiber transfer into the web structure. The key finding was increase in fiber
interlocking with increase in jet spacings due to improved fiber mobility. In addition, when
web structures were hydroentangled in a novel fashion the mechanical properties were
retained. And most importantly, this was achieved by expending only half the amount of

required hydroentangling energy.
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CHAPTER 1

INTRODUCTION



1.1Hydroentangling

Hydroentangling is one of the fastest growing technologies and an important sector of
nonwovens. It is a nonwoven bonding technique, which mechanically bonds/entangles
fibrous materials (either short fibers or continuous filaments) upon the impingement of a
curtain of fine, high-speed, columnar water-jets. These water-jets emanate from a series of
cone-capillary nozzles with a typical capillary diameter of 100 to 130 um. Such orifices are
spaced at a regular interval on a stainless steel metal strip (jet strip), spanning the entire
width of the machine. Pressure vessel or water injector accommodates these jet strips through
which water is pumped to form a curtain of fine high-speed water-jets. A loose nonwoven
web supported over a forming surface is converted into a mechanically strong textile-like
fabric when it comes under the influence of above curtain. A formed nonwoven is passed
through a de-watering system to remove excess water and the fabric is dried.

Hydroentangling is also called spunlacing, hydraulic entangling and water-jet entangling.

Materials produced from hydroentangling are finding diverse applications, these include
medical (gowns, drapes, towels, gauze replacements, bandages, sponges), wipes (food
service, industrial, specialty, impregnated, towels), home furnishings (mattress pad covers,
tablecloths, bedspreads, curtains), disposable apparel (coveralls, lab coats), substrates (coated
backings, reinforced plastics), industrial (insulation, roofing), apparel (interlining, artificial

leather), heat resistant fabrics (apparel, furnishings, filtrations), coverstock (diapers, feminine



care), etc (Vargas, 1989). Figure 1.1 illustrates the major end-use market of hydroentangled

products (Butler, 2002).

World Hydroentangled Markets
(based upon tonnes)

] Industrial
Others Hygiene Apparel
15% 4% 2%

_ Medical
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Medical Packs
& Gowns
49%

Source: INDA estimates

Figure 1.1: End-use market of hydroentangled products (Butler, 2002)

Literature in Chapter 2of this work provides information with respect to the potential
developments in hydroentangling market and process advancements. To mention a few, there
are numerous studies on raw materials, hydroentangling parameters such as pressure/specific
energy, forming surface characteristics and their influence on the final nonwoven fabric
structure and performance. In addition, there has also been a comprehensive study on the
fluid flow through the hydroentangling nozzles and the formation and performance of water-
jets to that effect. Despite such high productivity and product usage, limited research is

available with respect to changes taking place within these web structures. In other words,



not so significant research has been reported on the mechanism involved in hydroentangling
and the effects of water-jets on the web structures with respect to fiber movement. Moreover,
no characterizing techniques are available which could help in establishing process-structure-
property relationships. Lack of the aforementioned characteristics resulted in primary focus
of the current work, which could avoid exhausting trial and errors plans in producing

hydroentangled nonwovens.

Thereby, to understand the hydroentangling mechanism and changes within the structure the
effect of hydroentangling process variables and influence of jet parameters — impact energy,
flow characteristics and nozzle geometry are studied. Besides, hydroentangled web structure
is a complex, intricate web structure and characterizing such structures was challenging till
date. In Chapter 3 techniques to characterize hydroentangled web structures and any fibrous
structures are introduced by employing both two and three-dimensional analyses. This was
made possible by using a key tool Digital Volumetric Imaging (DVI) working on the
principle of automated serial-sectioning and is elucidated in the later part of this dissertation.
The three-dimensional structure obtained from this technique provides information about
fiber movement and its potential path within the media as a result of jet interaction with the

substrate.



To achieve the above-mentioned goals, a set of specific objectives are defined in the next

section.

1.2Research objectives

The major objective of the current work is to analyze the fabric structure formed by
waterjets-fiber interactions during hydroentangling, understand hydroentangling mechanisms
and establish process-structure-property relationships to provide information that can be used

to optimize the process and also provide a guideline to production design.
Specific objectives include:

91 Defining the characteristics of fiber entangling caused by high-speed waterjet-fiber

interactions

9 Study the effect to jet impact energy on fiber entanglement and web structures

1 Investigating the effect of hydroentangling process variables on web structures

1 Establish process-structure-property relationship in hydroentangling



1.30rganization of dissertation

To meet the aforementioned objectives, the dissertation is organized in the following fashion.
Beginning Chapter 2extensive research on hydroentanglement is summarized. This Chapter
abstracts the information with respect to raw materials, process variables and evidence
insufficient information on structural changes though couple of conjectures proposed the

entangling mechanism.

Besides, when water-jets impinge on the web surface fibers are entangled forming an
intricate structure where fibers twist, turn and penetrate through the web. Due to this three-
dimensional nature, there is not enough study about the real characteristics of fiber
entangling. Moreover, the characterizing techniques summarized in Chapter 2were based on
two-dimensional analysis alone, representing changes within the fabric either in machine or
cross directions. The conjectures or characterizing techniques were developed ignoring the
changes taking place in third dimension — thickness direction of web structure (jet impact
direction). Thereby to unravel the complexity involved in hydroentangled structures three-
dimensional approach is necessary. In Chapter 3 the comprehensive hydroentangled
structure is visualized and analyzed using automated serial-sectioning process — Digital
Volumetric Imaging (DV1) technique. This chapter elucidates the developed characterizing
techniques, which provide information on fiber movement and its potential path within the

web structures as a result of jet impact.



Now that we have techniques to characterize, attempts were made to understand the
hydroentangling mechanism and structural changes in Chapter 4of this dissertation. This
includes studying the influence of jet parameters like water jet pressure and number of jets.
This chapter introduces new terminologies — depth of fiber penetration, along which fibers
are entangled and thickness direction fiber orientation at jet impact region. Most importantly,
this chapter also disclosed the fiber interaction and the significance of fiber mobility when a
web is impinged by more than one water-jet simultaneously. And, to carry out these

experiments a custom designed water-jet impinging unit called, a test-stand unit is employed.

In Chapter 5, the effects of hydroentangling process parameters are studied. The chapter
begins by analyzing the effects of increasing jet diameters when impinged by single water-
jet. This is followed by examining a web surface impinged by multiple water-jets emanating
from one-inch metal-strip. A test-stand unit introduced in Chapter 4is employed for this

purpose.

Hydroentangling can be achieved even with single manifold but the machine can have 5 or
even more manifolds depending on the applications. Thereby, to observe the changes due to
plurality of manifolds/pressure vessels experiments were designed. Furthermore, the
techniques developed in Chapter 3were employed to analyze the above effect and discussed

in Chapter 6. Mechanical properties of the structures produced were evaluated and the



performance based structure-property relationship was determined. Besides, this chapter
evaluated the extent of fiber interlocking happening within the structure during water-jet

impingement process.

Findings from Chapters4 1 6 disclosed the water-jets fiber interactions. These phenomena
lead to introduce Chapter 7 that focuses on the effect of orifice-to-orifice spacings (S).
Chapter 7 deals the significance of fiber mobility, which improved the extent of fiber
entangling. This chapter not only disclosed reduction in amount of energy for entangling the
webs but also showed an approach to maintain the structural integrity. And in the concluding

chapter, (Chapter8) overall conclusions and recommendations for future work are provided.
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2.1 Introduction

INDA (North America’s Association of the Nonwoven Fabrics Industry) defines nonwoven
fabrics as “fibrous structures/networks (webs, batts, sheets, mats), which are bonded by
entangling of fibers or filaments either by mechanical, thermal and/or chemical means”
(Russell, 2007). In a broad sense, nonwoven materials are fiber assemblies, in which fibers
are parallel, cross-laid or randomly distributed fashion unlike woven, knitted or braided
fabrics (Backer & Petterson, 1960). Such fibrous networks are attaining expeditious
substitution for the conventional textiles and their existence is driving the outcomes to be

used commercially and creating a scope for continuous growth and modifications thereon.

For instance, nonwovens are extensively used in medical, hygiene and personal/healthcare
and are also finding a gamut of applications in filtration, automotive, construction, housing &
home furnishing, geosynthetics and packaging areas when they are considered as engineered
textiles (Chapman, 2010; Goswami & Rajasekar, 1992, Pourdeyhimi, 2011). Figure 2.1
shows a graphical representation of nonwovens market (EDANA, 2011). The input materials
are webs, typically in the form of staple fibers, continuous filaments, or both. Common
practices for making staple fibrous web are by carding (typically cross-lapping the webs), air-
laying, and wet-laying whereas, for continuous filaments web spun-bonding, melt-blowing or

both (layers of spunbond and melt-blown webs) is practiced. As these materials are loose
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networks of fibers, bonding is required to attain integrity and strength. For which, different

nonwoven bonding processes like mechanical, chemical or thermal bonding be employed.
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Medical/Surgical —= 3.1%
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Unidentified O 1.4% Source: EDANA, April 2011

Figure 2.1: Nonwovens market in 2010 (EDANA, 2011)

Of which, hydroentanglemenin particular, is one of the mechanical bonding technologies
practiced extensively due to the ease in product development, stable structures and diverse
end-uses (Bertram, 1993; White, 1990). Hydroentangling typically is a process wherein high-
speed curtain of water-jets are impinged on to the web for fiber entangling. The process came
into existence in 1960s when Chicopee (then a division of Johnson & Johnson, recently

absorbed by PGI) originally developed this process to rearrange fibers and form a patterned
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fabric (Butler, 2002; Hynek & Brunswick, 1966; Vargas, 1989). However, due to lack of

integrity in the product, binders were used and the fabric was commercialized under a trade

name Keybak®.
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Figure 2.2: The hydroentangled nonwoven production by region (Butler, 2002)

Later in the decade, DuPont commercialized a well-entangled and patterned fabric under the
trade name Sontara®. They used high energy water jets and formed a stronger fabric. Details
were disclosed in their patents (Bunting et al. 1970; Evans, 1969; Shambelan, 1967).
Subsequently, a series of patents were filed by numerous manufacturers - Uni-Charm Corp.,
Honeycomb Systems Inc. and Perfojet, few to mention, which extensively dealt with the

novelty involved in the process and the modifications made thereon. And with additional
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auxiliaries and modifications in the process, wide opportunities were created for product
development. This technology has grown rapidly and is practiced worldwide with US, Asia
(Japan in specific) and Europe as the chief manufacturing regions (Butler, 2002), and the

same is illustrated in Figure 2.2.

Hydroentanglement process operates in a pressure range of 50 and 600 bars for webs with
basis weights ranging from 15 to 500 g/m? (Batra and Pourdeyhim, 2011). The water-jets
emanate from orifices placed on a long stainless-steel strip (schematic shown in Figure 2.3),
which is typically 1 mm thick, 2.5 mm wide and length spanning the width of the machine.
This nozzle strip is held inside a manifold/impinging station also referred as a pressure
vessel. Entangling can be achieved by employing a single manifold. However, depending on
the end-use, typical hydroentangling machines may have several manifolds (5-8 manifolds or
even more). Also, a nonwoven substrate can be impinged with water-jets either only on one
side or on both sides with working widths ranging from 1.2 to 6 meters depending on the
application. Figure 2.4 illustrates the hydroentangling machine employed for this research
that has a capability to hydroentangle both on face and back of the fabrics supported by

forming surfaces — belt and drum respectively.
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Figure 2.3: Schematic of nozzle strip used in a hydroentangling machine
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Figure 2.4: A lab scale hydroentangling unit (Anantharamaiah et al., 2008)

During the hydroentangling process, the web is initially pre-wetted by the first manifold (15-

30 bar pressure) to get rid of the air pockets and then the water-jets pressure gradually
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increases to the last manifold. On impact of water-jets, a layer of water is formed over the
substrate, which damps the water-jet’s energy. Thereby, a vacuum box is attached underneath
the belt and inside the drum for extracting water from the fabric to avoid settling of water
over the fabric, and to maintain the water-jets energy and their transfer for better fiber
entangling. And then the hydroentangled fabric is passed through a de-watering system like

through-air drum dryers, where excess moisture is removed and the fabric is dried.

Due to the versatility of this process and its flexibility to produce a wide range of products,
U.S. and Europe are showing a 3% growth in market every year and Asia alone indicated a
growth of 29% from 2008-2009. Some of the few reasons for such an expeditious growth
could be the feel, softness, bulk, comfort, low-lint, durability, absorption and drapability of

the products (Butler, 2002; Ellien, 2002a, 2003b; Vuillaum, 1991).

2.2Hydroentangled nonwovens and their characteristics

Fabric formation or web bonding techniques result in forming a mechanically strong fabric.
The end products exhibit unique structures and geometrical arrangements of fibers or
adhesives or both depending on the type of bonding technique. Though the fabric properties
and their behavior are dependent on material properties and manufacturing technique, the
type of bonding or entangling significantly influences the fabric properties (when material

components are kept constant).
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Due to the increasing demand in nonwovens and their applications, understanding the
internal structures, deformation mechanisms and their mechanical behavior is gaining
importance. Thereby, characterizing the formed structures is crucial as, geometrical
arrangement of fibers and structure of bond points or entangled regions which are primarily
determined by the type of bonding technique are key components to corroborate the process-
structure-property relationships. Hydroentanglement is one such process where fibrous
systems attain integrity by entangling of fibers when impinged by a curtain of high-speed
fine waterjets. Since, the main focus of this study is on hydroentanglement and structures
formed thereon, following section 2.3 discuss the previous research carried out with respect

to the process, types of structures formed and their significance.

Hydroentanglement or spunlace process is a major nonwoven bonding technologies that is
considered as a fastest growing technology (Vargas, 1989; Connolly & Parent, 1993, Shim et
al, 2011). Hydroentangled fabrics are produced by rearrangement of fibers in the web when it
is impinged by a curtain of high-speed, fine water-jets. In this process, the web integrity is
attained by the physical entanglement of fibers, unlike thermal bonding. The hydroentangled
structures formed thereon are regarded as most intricate structures to understand and
characterize. Like every other process, a series of process parameters influences the
outcomes and decides the process and product efficiencies. Literature provides a great deal of
information describing the hydroentangling process and products (Soukupova et al., 2007;

White, 1990, Zhang, 2008). But, very few articles were published referring to the effect of
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processing parameters on the web structures and their effects on fabric properties. Thus,
following sections summarize some basic concepts of the hydroentangling process and the
effects of processing parameters in addition to discussing the existing conjectures on fiber

entangling and hydroentangling structures.

2.3Background

Entanglement of fibers, a structural entity of a fibrous web, is considered as the major
characteristic of hydroentangled products. There has been extensive research and process
modifications about hydroentangling technology. However, there is no exact representation
or definition for hydroentangled web structures in literature in terms of forming surface,
nozzle configuration and water jets. In addition, little research has been reported on the
mechanism involved in hydroentangling and the effects of water-jets on the fabric formation
with respect to the movement of fibers within the web structure. However, some of the works
carried out on hydroentangling and conjectures on fiber entangling mechanisms are discussed

below.

2.3.1 Waterjetsi characteristics and flow behavior

Water-jets are considered as the heart of hydroentangling process. The objective of water-jet
system is to emanate high-speed, fine, laminated water jets from orifices perforated at a

regular distance on a stainless-steel jet strip. The orifices are typically termed as nozzles, and
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arranged either in a single row or two rows, staggered in two rows. The water-jets emanating
from these nozzles have been characterized by their fineness, glassiness, break-up/intact
length and the amount of energy transfer. During hydroentangling process, when water-jets
hit the web surface, fibers from the surface of the web are pushed into the bulk, where fibers
are entangled or locked forming a three-dimensional structure of a hydroentangled fabric. As
this process is associated with energy transfer to obtain a well-entangled strong fabric it
demands process optimization and reduction in energy consumption. Research has been in

progress to minimize the energy consumption.

These include — modifications in the nozzle parameters like cone-angle, nozzle aspect ratio,
discharge coefficient and configuration to reduce the friction between the walls of the
employed nozzles and water, obtaining uniform and collimated flow that improves the
quality of impinging water-jets by employing a cone-down nozzle configuration and such
modifications and improvements are discussed elsewhere (Begenir et al., 2004; Ghassemieh
et al., 2003; Tafreshi et al., 2003; Tafreshi & Pourdeyhimi, 2003; Anantharamaiah et al.,
2006). Figure 2.5 shows the schematic of two different nozzle configurations used in

hydroentangling process.
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Figure 2.5: Schematic of (a) cone-up and (b) cone-down nozzle configurations
(Anantharamaiah, 2006)

2.3.2 Effect of process parameters on fabric properties

The above- mentioned section shed light on the hydroentangling process parameters, whereas
this section concentrates on the effects of the process parameters on fabric properties and
modifications made thereon. Previously, research was carried out to improve the quality of
water-jets in order to attain better fiber entanglement and increase the process efficiency.
Besides, modifications in processing parameters and the energy transfer distribution profile
are other means of process optimization. Yet, these features are inter-related as the energy
distribution is governed by amount of pressure, number of manifolds/pressure vessels (also
referred as passes), distribution patterns, and one & two-sided water-jet impingements, which

are monitored by “specific energy”.
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Specific energy is the energy transferred per kilogram of a web when it is impinged by a
curtain of high-speed, fine water jets in hydroentangling process, which depends on number
of jets and manifolds, employed pressure, processing speed and basis weights of the web.
Some reported specific energy affects the fabric properties and performance. One of the
works on specific energy, Parent & Connolly, 1993, evaluate the fabric properties and
introduced specific energy ratio — ratio of specific energy delivered to the first side and total
specific energy delivered to explain changes of the fabric properties. Carded and cross-
lapped webs of polyester and rayon blends of low and heavy basis weights were employed.
The results conclude increase in energy levels increased tensile strength up to a point and
then plateaus with further increase. However, employing low specific energy ratio decreases
fiber loss significantly. Besides, heavy fabrics showed substantial increase in tensile
properties and it is explained by a possible higher degree of entanglement in the z or
thickness direction. But, this justification lacked information with respect to changes
occurring within the web structure except notifying the changes in fiber loss and relating it to

specific energy ratio.

On the other hand, research by (Ghassemieh et al., 2001; Pourmohammadi et al., 2003)
showed a technique to improve the tensile properties by having a variable energy transfer
distribution — specific energy and jet pressure, and introduced critical energy — energy at
which highest tensile properties can be achieved. And such changes in the properties were

attributed to the reorientation of fibers within the web structures without revealing the

21



internal structure changes. Even in this study the tensile strengths reached a maximum and
then decreased. Later in the decade, attempts were made to improve the mechanical
properties of hydroentangled fabrics by optimizing the water jets inclination angles (Mbwana
et al., 2007a, 2009b). In this work, fabric produced by having five different water jet
inclination angles, -20, -10, 0 and 10, 20 degrees were studied. The results conclude higher
tensile strength values when using an inclination angle of -10 and 10 degree, due to the
longest path distance of water jets through the fiber webs during the water jet impact. But at -
20 and 20 degree inclination, the tensile strength results were lower than + 10 but still higher
than impinging jets perpendicular to the web. This was attributed to the formation of vortex
rings within water jets creating unstable water jets with reduced impact force. And such a
change was considered to reorient fibers severely decreasing the cohesion and bonding
strength of entangled fibers. Similarly, water jets at £ 10 degree inclination showed a higher
bicomponent fiber splitting than at O degree inclination. Likewise, broad research was

conducted to study the effect specific energy and specific energy ratio (Gilmore et al., 1997).

Following this, the study extended to analyze the microstructures of produced
hydroentangled fabrics. Successful attempts were made by Ghassemieh et al (Ghassemieh et
al., 2002a, 2002b) to measure and study the fiber orientation and fiber length distribution
using SEM images of hydroentangled fabrics, by implementing image analysis techniques
like fast Fourier transform and Hough transform. Also the degree of entanglement of

hydroentangled fabrics was estimated by establishing a relationship between the mechanical
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properties and the micro-structural variables. But, this overlooked the contribution of fibers

oriented in z-direction.

In one of the other works (Hajiani et al., 2010), water jet pressure and basis weight were
considered as effective parameters, that can improve properties like mass density, thickness
and capillary size. The changes in water vapor permeability were considered due to increase

in jet pressure in turn decreasing the capillary radii and pore sizes.

On the other hand, evaluating the filtration parameters of hydroentangled fabrics showed
promising performance characteristics. They exhibited capture of a higher amount of dust
particles with relatively low-pressure drop, indicating better filtration efficiency. Such
improvement was accounted to greater fiber entanglement as a result of high-pressure water
jets. Moreover, the pressure drop was predicted and verified by a computational fluid

dynamics (CFD) model simulating the fluid flow (Patanaik et al., 2009).

From the above literature, it is evident that most of the fabric properties are evaluated based
on the extent of fiber entanglement, without significant supporting information relating the
degree of fiber entanglement. Thereby, the following sections aim to understand fiber

entanglements during water jet impact.
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Figure 2.6: Schematic representation of the mechanism of fiber entangling and formation of
nonwoven fabric (Patanaik & Anandjiwala, 2010)

In a recent study, computational fluid dynamics (CFD) was employed to understand the fluid
flow of hydroentangling water-jets and filtration performance of produced hydroentangled
fabrics. In addition, a mechanism of fiber bonding/entangling was proposed, wherein fibers
deflect into two mutually perpendicular directions, perpendicular and parallel to the fiber
axis, which in turn help in further bending and folding/wrapping around neighboring fibers
Such changes are illustrated in Figure 2.6 and the drag forces acting on the fiber responsible

for fiber entangling are given by:

F =;/’VZSCD (Eq. 2.1)
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:%NZSCD (Eq. 2.2)

where p = density of water (kg/m®); v = velocity of water jet (m/s); S; and S, = the projected
areas of the fiber on which perpendicular and parallel fluid flow acts (m?); Cp = drag
coefficient (a dimensionless number) (Patanaik & Anandjiwala 2010). However, this study

was not validated with respect to structural visualization or changes incorporated.

Hydroentangling changes fiber orientation through rearrangement of fibers and change in
apparent length of the straight fiber segments as a result of jet impacts. A few researchers
tried to quantify these structural changes by defining the degree/intensity of
hydroentanglement. An attempt by Mao and Russell (Mao & Russell, 2006), defined the
intensity of hydroentanglement with respect to the sum of deflection depths of all fibers
subjected to water-jet impact in a web. In another work (Mao & Russell, 2005), structure-
process-property relationships were defined for hydroentangled fabrics based on fiber
deformation and deflection depths of fiber segments to predict the changes in permeability.
Though an expression for the hydroentanglement intensity was defined considering the water
jet impact energy and fiber physical properties, this study lacked fundamentals of fibers

behavior within the web, which exist three-dimensional in nature.
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Later in the decade, Xiang et al (Xiang et al., 2006) deduced a linear relationship between the
hydroentangling intensity and flow vorticity in the fibrous web created by water-jets. In this
work, a model was developed to investigate the dynamics of hydroentanglement process that
relates the rotational force on fiber in water flow to the fiber entangling by postulating

dominance in machine and cross directional (MD-CD) entanglement.

In another phenomenal work, splitting of bicomponent fibers was achieved by means of
hydroentanglement and the extent of splitting was characterized by three-dimensional
analysis. The study found a higher extent of bicomponent fiber splitting and thickness
direction fiber orientation at the jet impact regions. Moreover, this research also showed that
when water-jet hits the fiber web, fibers are interlocked around each other by creating fiber-
to-fiber bonds by twisting, turning, tortuosity and intermingling of fibers (Shim et al 2010).
And, solid volume fraction evaluation revealed density variations across the fabric

differentiating jet impact and non-jet impact regions.

26



Figure 2.7: Hydroentangled fabric displaying formation of jet streaks

Appearance is another important feature of textiles. Surface texture, a characteristic of
hydroentangled fabrics determines the properties and aesthetics. During hydroentanglement,
water-jets impact on web surface creating so-called jet-marks, or jet-streaks, shown in the

Figure 2.7.

These jet-streaks are visible and lead to density variations causing ridges and undesirable
when aesthetics and structural integrity of the fabric are considered. Thereby, image analyses
techniques — co-occurrence analysis were developed to determine the texture properties

(Shim et al, 2005). And, successful attempts were made to minimize such jet-marks on a
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hydroentangled fabric (Anantharamaiah et al 2007, Greenway et al., 2003; Zolin, 2001). This
was made possible by having a staggered arrangement of nozzles in two horizontal rows on a
jet strip as illustrated in Figure 2.8. For such jet strips, nozzles in first row were larger than
the second so that finer water jets emanating from the second row could minimize the jet
streaks formed by the first row. Thus, density variations were minimized resulting in a

relatively uniform surface texture. Besides, a significant work was accomplished on

improving the abrasion resistance, pilling reduction (Shim et al., 2006).

ol
ol

Control
Clontrol

Contr
Contr

dy = 120um d,=130um
d, = 130um

-|| Machine Direction

Figure 2.8: Schematic representation of nozzle strip design employed to minimize the
formation of jet streaks during hydroentangling process (Anantharamaiah et al., 2007)
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As mentioned above, there are techniques in literature to characterize hydroentangled fabrics
with respect to appearance/texture, fiber orientations, filtration efficiency, mechanical
properties, and extent of bicomponent fiber splitting. However, a relationship between
hydroentanglement process and the properties were discussed without understanding the

changes within the structures.

Needless to mention, the fundamental principle of hydroentanglement involves transfer of
water jet energy to the loose fibrous webs causing surface fibers to be pushed into the bulk,
resulting in rearranging, reorienting and entangling the fibers. Also this is accompanied by
exhibiting three-dimensional nature of entanglement of fibers. In most of the mentioned
background research, analyses were based on two-dimensional studies. Thereby, to
analyze/characterize hydroentangled web structures a three-dimensional analyzing technique
is essential. Such a technique is described in the next section with suitable justification for

the current work.

2.4Visualization of fibrous structures — Need for 3D analysis

Literature mentioned in the previous sections reveals a great deal of information about how
hydroentangled fibrous structures are characterized. But the analyses were based on two-
dimensional techniques and investigated changes within the fabric either in machine or cross

directions. Also these techniques overlooked the information in third dimension (thickness
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direction — the jet impact direction) leaving significant information as unknown. In addition,
upon the impact of water jets onto a fibrous web, fibers from the surface are transferred into
the bulk of the web, entangled by deflecting, twisting/turning, and formed tortuous paths.
Due to this three-dimensional nature of the hydroentangled web structures there is not
enough study about the real characteristics of fiber entangling. Thereby, three-dimensional

approach is necessary to unravel the complexity involved in such structures.

Typically, three-dimensional visualization and characterizing techniques help in knowing the
unknown of a fibrous microstructure that is overlooked by simple two-dimensional methods
or even when observed by a naked eye. For instance, textile fibrous material structures like
nonwovens or to that matter any fibrous structure is three-dimensional in nature when
distinguished at a micro-scale. Thus to characterize, imaging techniques were employed that
initially limited their application to thin section analysis of the substrates revealing the two-
dimensional (2D) information and leaving the third dimensional data to the observer’s

interpretation.

For example, in a pioneering study by Hearle & Purdy (Hearle & Purdy, 1971), 2D images
were captured and analyzed for understanding the bonding mechanism of a needle punched
nonwoven fibrous material in spite of its 3D fibrous structure. This triggered the eagerness to

visualize structures in three dimensions by tomographic reconstruction — combining a series
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of thin sections. With the advancement of technology and process automation, the zeal to
observe micro components of materials and fibrous microstructures has gained importance.
Yet, there is a wide spectrum for analysis of material characterization with use of tools

depending on the type of information desired.

In this regard, literature shows implementation of confocal microscope to analyze the wood
pulp fibers by stacking 2D images (Robertson et al., 1992), X-ray tomographic techniques to
analyze fibrous networks (Faessel et al., 2005; Lux et al., 2006; Thibault & Bloch, 2002), or
serial-sectioning (Tewari & Gokhale, 2000). There is also evidence for successful
implementation of serial-sectioning and imaging of the materials embedded in polymeric
resin (Aydilek et al., 2002; Gardmark & Martenss, 1966; Schweers & Loffler, 1993). Apart
from the above-mentioned sectioning techniques there is also manifestation for obtaining a
three-dimensional reconstructed image by combining the sectioned 2D images, falling in the
same line (Alkemper & Voorhees, 2001; Kral et al., 2000; Ware & LoPresti, 1975; Wiltshce
et al., 2010). Magnetic resonance imaging (MRI) has also been employed to obtain realistic
three-dimensional reconstructed images (Lehmann et al., 2005). A few researchers (Lindquist
& Venkatarangan, 1999; Spanne et al., 1994; Vogel & Kretzschmar, 1996) have also dealt

with the study of transport phenomena in fibrous structures.
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Inevitably, the whole world is three dimensional and we are accustomed to see the structures
in 3D. Generally, in geometry one dimensional measurement helps in knowing the 2D
images, similarly, 3D requires a 2D analysis to explain the complex 3D structure and thus
true 3D imaging is possible with tomographic reconstruction. Tomography technique can be
employed to obtain true three-dimensional arrays of voxels (the 3D analog of the pixel in a
2D image), or to obtain a two-dimensional image from a series of one-dimensional line
projections. John C. Russ (Russ, 2011) defines tomography as a “method that reconstructs
internal structural information within an object by mathematically reconstructing it from a
series of projections”. Traditionally, the structures were serial sectioned and reconstructed to
visualize and understand the 3D structures. However, over past 40 years there has been a
dramatic improvement in 3D image analysis, especially with image acquisition. In this

section, one of the major types of three-dimensional imaging techniques is elaborated.

2.4.1 Automated serial sectioning method — Digital Volumetric Imaging

(DVI)

Serial sectioning is a well-established technique for obtaining microstructural data in three-
dimensions (Spowart, 2006). Typically, this is made possible by removal/sectioning of a
layer, followed by imaging of the newly created surface. Conventionally, serial sectioning
techniques take nearly 10 sections per day (Li et al., 1998). This relies on taking the serial

sections from a sample block and delivering/reconstructing the sectioned images to 3D
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format. The term serial section originates from light microscopy imaging of biological tissues
that are embedded in resin and cut using a microtome into a series of individual slices and
then assembled to reconstruct the 3D structure (Denk & Hortsmann, 2004; Knott et al, 2008).
The process of sectioning and rendering is laborious and subjected to operator errors.
However, with developing technology the process has been automated by incorporating
either motorized sectioning devices or motorized digital microscopes. Digital VVolumetric
Imaging (DVI) technique is one of the automated serial-sectioning 3D image acquisition
techniques employed for the current work and whose features are explained in the following

section.

Digital Volumetric Imaging (DVI) (Micro-science Group Inc.) technique, originally used
for imaging in the biological field (Russell, 1999), has been successfully employed as a
platform to visualize and characterize an intricate nonwoven fibrous structure. DVI is a
block-face imaging technique, based on automated serial-sectioning of the sample that has
been fluorescent stained and embedded in a polymer matrix for sequential processes. This
technique efficiently converts large volumes of material information into high-fidelity digital
data by combination of both sequential chemical processing and serial sectioning. Moreover,
this technique is efficient when compared to the conventional serial sectioning techniques (Li

et al., 1998) that take 10 sections per day.
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Despite the availability of other automated serial-sectioning approaches, DVI has been
chosen as it is good for fabric structure observations (Shim et al., 2010). Relatively large
samples can be imaged and most importantly it is capable of rendering a three-dimensional
structure by fluorescent imaging. In the proposed study, two layered customized web
structures are chosen in which surface fibers are pushed inside the web structure where fibers
are interlocked. This combination of web can be stained differently from that of the bulk
fibers to obtain clear visibility of surface fiber transfer and interlayer mixing. Thereby, such
webs when subjected to sequential serial sectioning and imaging processes, fibers can be

clearly differentiated and for this reason DV has been chosen.

The DVI micro-imager® imaging system comprises of three major elements:

a) A motion controlled microtome rated for sectioning polymer blocks

b) Fluorescence epi-illumination microscope optics, and

c) A large-format CCD array camera

The acquisition scheme of 3D volumetric images with DVI micro-imager® is shown in
Figure 2.9. The sample is subjected to a sequence of processes like staining using fluorescent
dyes, dehydrating, embedding in a polymer matrix and curing to prepare a sample block.
This sample block is placed in the motorized image stage and cut by a diamond knife with

pre-set thickness ranging from 0.4 to 4.4 um. After each cutting cycle, the face of the sample
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block is captured with the camera through fluorescent optics and a motorized RGB filter
wheel. An objective (size may vary depending on the size of sample and required resolution)
and a fluorescent filter cube consisting of excitation filter, and a beam splitter, emission filter
were used. Cutting and image capture were automatically repeated until the number of
cycle/iterations reached a preset value. In each section, images were captured through

motorized RGB filter wheel to reconstruct colors.

Light \AJ
Source )Y\

Sample mold I Fluorescence Filter cube Camera

Objective .O
B Motorized RGB
filter wheel
Motorized Diamond Knife
Image Stage

automatic Reconstruction
sectioning &
image capturing Sections

Figure 2.9: The DVI micro-imager ™ 3D image acquisition scheme (Shim et al., 2010)

These serial images were then volume-rendered to obtain a high-fidelity three-dimensional
reconstructed image. Serial sections will be further exported to other image analysis tools
(ResView™) to obtain other relevant information or for subsequent analyses. The resolution
of images obtained from DVI range from 0.44 to 4.48um/pixel, with a field of view ranging

from 0.45 to 4.4 mm. Figure 2.10 illustrates the snapshot of ResView™ image analysis tool
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with 3D window displaying the three dimensional perspective of a hydroentangled sample
and a corresponding 2D section in the 2D window. 3D images of different positions and a
series of 2D sectioned images — all three-machine direction (X/MD), cross direction (Y/CD)

and thickness direction (Z/TD) can be exported from the data sets for further analyses.
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Figure 2.10: Snapshot of the ResView ™ tool for analyzing the 3D DVI dataset

2.5Hydroentangling parameters and tools

A group of governing parameters that influence the web structure and fiber entanglement are

identified and discussed in the following sections for better understanding.
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2.5.1 Adjacent water-jets

In this category, study is focused on examining the changes in web structure upon the impact
of water jets by gradually increasing the magnitude of water jets. Hydroentangling process
involves impingement of a curtain of water jets emanating from a stainless steel nozzle strip
positioned inside a pressure vessel. Impingement of such water jets causes the fibers to
entangle and form a mechanically strong fabric. The extensive research on
hydroentanglement reveal changes in web structures by speculating the information obtained
from a scanning electron microscope, which generates 2D micrographs of the specimen (Mao
& Russell, 2006). These micrographs show the surface changes like fiber deflection, loop
formation, change in thickness, web compression and texture without revealing how exactly
the fibers are twisting, turning, re-orienting or re-aligning upon impact of water-jets.
Therefore, to provide a better perspective of hydroentangling mechanism, due to its 3D
nature, the fiber movement and its possible path are studied. And to understand the
characteristics of fiber entangling, the underlying physics behind the impact of water jets and
changes in web structure need to be understood. To do so, firstly the impact of single jet on
to a custom designed web is studied by employing a test-stand hydroentangling unit (In-
detailed explanation in subsequent sections) and then increasing number of jets will extend
the study. Figures 2.11 and 2.12 illustrate the nozzle configurations of single orifice and; two

and three orifices respectively.
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Figure 2.11: Single orifice nozzle plate (Anantharamaiah, 2006)

Since hydroentangling process does not involve just one/two/three jets but a curtain of water
jets emanating through a jet strip, in the latter part of this section, the number of jets is
increased. This is to study the impact of water jets on web structures and to examine the
hidden nexus between impinging a curtain of water jets and the web structures. In other
words, a nozzle strip with multiple orifices is used to investigate the impact of “jet — jet”
interactions on fiber entanglements upon jet impacts. This work also includes and
emphasizes the effect of pre-wetting the webs prior to hydroentanglement, detailed in the

subsequent sections.
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Figure 2.12: Nozzle strips with two and three orifices used in Lab-scale hydroentangling unit

2.5.2 Varying nozzle diameter

Figure 2.11 illustrates the typical nozzle configuration that is employed for hydroentangling.

However, the orifice diameter can be altered depending on the fiber type, basis weight of the

fabric and type of forming surface. The literature evidences study on hydroentangling water-

jets wherein analysis was focused on the break-up lengths and impact forces for increasing

nozzle diameters (Anantharamaiah, 2006). Nevertheless, there hasn’t been much research to

39



comment on how the fibers are entangled or oriented or to that matter the changes, which are
incorporated in the structure upon the impact of water jets with increasing diameters.
Thereby, in this category, the impact of water jets with increasing nozzle diameter, for both
single jet and multiple jets will be examined to deduce their cause-effect relationships. To
accomplish the objectives of sections 2.5.1 and 2.5.2, a test-stand hydroentangling unit is

used. And most of its findings are discussed in Chapters 4nd 5.

2.5.3 Order of manifolds/pressure vessels

Literature describes that entangling can be achieved by employing a single manifold/pressure
vessel. However, depending on end uses, hydroentangling machine engages several
manifolds (5-8 or even more). Besides, there has been a broad research on determining the
optimum processing conditions to improve the tensile properties of the fabrics by having a
variable energy transfer distribution or water jet pressure profile using multiple manifolds.
And throughout the trial, the total pressure was kept constant but varied the water jet pressure
profile as mentioned (Ghassemieh et al., 2001; Pourmohammadi et al., 2003). Such changes
in the properties were attributed to the reorientation of fibers within the web structures
without revealing the internal structural changes. Thereby, the comprehensive changes in the

web structure are studied with increase in number of manifolds and reported in Chapter 6
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2.5.4 Orifice-to-orifice spacings

Hydroentangling process is considered as an energy transfer process (White, 1990).
Typically, the impact force brought about by the water-jets causes the fibers to mechanically
entangle (bond) by turning, twisting and inter-twining around one another, which results in
fabrics exhibiting relatively high strength for diverse applications. The mechanical strength
and/or the web integrity of these outcomes are maintained as a result of the mutual
interaction between the impinging water jets, fibrous material and the supporting surface.
Literature (Dworjanyn, 1968), disclose the necessity of having sufficient orifice-to-orifice
distance in a nozzle strip to avoid interaction between the neighboring water jets prior to their
impact on the web surface. It is well accepted that a preferable orifice density of 800 — 1600
orifices per meter (20-40 jets per inch) or spacing ranging from 3-10 times that of the orifice
diameter is ideal for entangling. Since, the orifice density in a nozzle strip alters the energy
transferred, and the fiber entanglement thereon, here; an approach has been proposed to study
the effect of increasing orifice-to-orifice spacing to unveil the changes caused within the web

structure. And its cause and effects are discussed in Chapter 7

2.5.5 Tools

In addition to the three-dimensional analyzing technique, specific tools need to be employed
to study the effect of impinging water-jets. As mentioned in sections 2.5.1 and 2.5.2, a test-

stand unit is used. This was a test used for studying hydroentangling water-jets, by Begenir et

41



al (2004) and Anantharamaiah et al (2006a, 2006b, 2007) in the College of Textiles, NC

State University.

2551 Teststand hydroentangling unit

The test-stand unit is illustrated in Figure 2.13. The unit consists of a high-pressure pump
system, a pressure vessel or manifold operating up to a pressure of 400 bars, a motor which
drives a stainless-steel drum with fine mesh, take-up and wind-up rollers. It is also provided
with a vacuum that is connected to the drum. And the whole setup is supported over a test
stand with a leveling screw, which can adjust the height of drum from the nozzle exit (fixed
in the pressure vessel). The nozzle plate can be accommodated in a flange mounted under the
manifold of the unit. The configuration of one of the single-hole nozzle plates used in this

study is shown in Figure 2.11.

Single-hole nozzle plates with diameters ranging 128 pum - 500 um were used. Similarly,
nozzle plates with two and three orifices are used in which orifices are separated by a
distance (jet spacing) of 600 um and nozzle diameter of 128 um each. In the current set-up,
fabrics only up to 0.8 inches wide can be produced, so analysis of fabric properties will be

very limited.
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Figure 2.13: Test-stand hydroentangling unit

2.55.2 Lab-scale hydroentangling unit

Figure 2.4 shows the schematic of lab-scale hydroentangling unit employed for this research.
This unit comprises of 5 manifolds, of which first manifold is employed for pre-wetting and
the rest for entangling. Manifolds numbered 2 and 3 impinge on web surface and that of 4
and 5 impinge on other side of the webs (back-side), which is conveyed and supported on a
forming surface - a stainless steel mesh and over a micro-porous perforated drum
respectively. Each manifold accommodates a long stainless-steel metal strip (nozzle jet-strip)
spanning the entire width of the machine, through which high-speed water jets emanate and

impinges onto a fibrous web. The employed jet strip is perforated with fine orifices of 130
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pm diameter at a regular interval of 600 um. The process typically begins by compacting
webs at low pressure in order to eliminate air pockets and for initial consolidation and then
pressure gradually increases till the last manifold for efficient entangling. A vacuum system
is employed below/inside the forming surfaces to prevent the flooding of the fabric with
water. Thereafter, the hydroentangled fabric is passed through a de-watering device where

excess water is further removed and then the fabric is dried.

2553 Materials

When waterjets impinge on the web surface, fibers are transferred into the bulk of the web
and get entangled. In order to effectively visualize the impact of hydroentangling water-jets
on the fibrous web, a two-layered configuration of webs consisting of fibers of different
staining characteristics is designed. A nylon carded web of 40 g/m®and a PET carded web
with 160 g/m? basis weight were selected as top surface and bottom layers, respectively (both
webs are carded and cross-lapped). With this customized web, the rearrangement and

movement of fibers can be observed when fibers are stained with different dyes.
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CHAPTER 3

THREE - DIMENSIONAL STRUCTURAL CHARACTERIZATION OF

NONWOVENS

This chapter is a manuscript entitled “Three-Dimensional Structural Characterization of
Nonwovens”, by L. B. Suragani Venu, E. Shim, N. Anantharamaiah and B. Pourdeyhimi, and
has been submitted for publication in a peer reviewed journal.
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3.1Introduction

Nonwoven structures are one of the most commonly found materials (Fan et al., 2007,
Salvado et al., 2006; Sampson, 2009; Tumanyan & Esipova, 1975). These structures consist
of fibers connected in unique ways, possessing different pore size and fiber orientation
distributions and form an intricate micro-structure (Higdon & Ford, 1996). Nonwoven
materials are one-of-a-kind fibrous structures defined as a fiber assembly, where fibers are
held either by mechanical entanglement or fusing of fibers, or by chemical or resin bonding
(Butler, 1999). These structures are widely used in house-hold, personal care, medical,

hygiene, disposal apparel, automotives, and many industrial applications.

These structures have gained popularity because they can be produced in large volume, and
engineered to deliver functionality at low cost. The structure of the nonwoven is a function of
the 3-D alignment of fibers — known as the fiber orientation distribution (ODF). Historically,
the ODF is measured only in 2D. It has been argued that the planar 2-D ODF can reasonably
describe the behavior of a nonwoven (Chhabra, 2003; Mao & Russell, 2006; Pourdeyhimi et
al., 1996; Xiang et al., 2006; Xu & Yu, 1997). While this hold true for planar structures such
as lightweight structured that are thermally bonded, it may not hold completely true for
heavier structures and those that are subjected to needlepunching and/or hydroentangling.
These mechanical bonding processes do add three-dimensionality to the structure by moving

fibers into the direction normal to the fabric plane of the fabric (the thickness, or Z
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orientation). The degree to which fibers are redirected in the Z direction can certainly be
responsible for the ultimate properties of the structure such as tensile and burst strength, but
also can contribute to the three dimensionality of the pore network and this influence such

properties as liquid absorption and release.

To date, most techniques available are two dimensional in nature partly because of
convenience. Naturally, these overlook the information regarding the direction normal to the
fabric plane (often call z-direction or thickness direction). While 2D structure analysis can
provide valuable information about some aspects of the structure, properties such as
permeability, filtration, and fluid-flow inside structures could not be fully understood without
knowledge of the third dimension (Mao, 2009). This is especially true for structures that are
hydroentangled and/or needlepunched because the process moves the fibers into the z

direction.

There exist a number of reports on attempts to characterize z-directional structure of a
nonwoven through thin-section analysis (Aydilek et al., 2002; Hearle & Purdy, 1971) where
3D information has to be derived from 2D analyses. For example, in a pioneering study by
Hearle & Purdy (Hearle & Purdy, 1971), 2D section images were acquired and analyzed for
understanding the bonding mechanism of a needle punched nonwoven. This study was able

to establish relationships between the process and the structure without focusing on the 3D
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orientation distribution or structure non-uniformities. This work highlighted however, the
need visualization and analysis of nonwoven structures in three dimensions by using for
example, tomographic reconstruction — combining a series of thin sections. Today, there is a

wide spectrum for 3D analysis techniques and tools available.

In this regard, literature shows implementation of confocal microscopy for the analysis of
wood pulp fibers by stacking 2D images (Robertson et al., 1992); X-ray tomographic
techniques for the analysis of nonwovens (Faessel et al., 2005; Lux et al., 2006; Thibault &
Bloch, 2002); and serial sectioning (Tewari & Gokhale, 2000). There is also evidence for
successful implementation of serial-sectioning and imaging of the materials embedded in
polymeric resin (Aydilek et al., 2002; Gardmark & Martenss, 1966; Hearle et al., 1968;
Schweers & Loffler, 1993). Apart from the above-mentioned sectioning techniques, there are
also reports dealing with obtaining a three-dimensional reconstructed image by combining
sectioned 2D images (Alkemper & Voorhees, 2001; Badel et al., 2008; Kral et al., 2000;
Ware & LoPresti, 1975; Wiltshce et al., 2010). Moreover, realistic three-dimensional
reconstructed images can be obtained from MRI (Lehmann et al., 2005). There are also a few
reports that deal with the study of transport phenomena in fibrous structures (Lindquist &
Venkatarangan, 1999; Spanne et al., 1994; Vogel & Kretzschmar, 1996). Despite the
availability of such a wide range of techniques, obtaining a precise 3D representation has
been difficult, cumbersome and often the images lack sufficient resolution to deal with fibers

that are about 1 micron or less in diameter.
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Here, we introduce and capitalize on the utilization of an automated serial sectioning method,
made possible by Digital Volumetric Imaging (DVI) microimager® which is capable of
producing novel, reliable, high fidelity 3D reconstructed images of fibrous structures
(Russell, 1999). Below, we describe the DVI visualization technique followed by a
description of the sample production and preliminary preparations for image acquisition and
then characterization techniques developed to analyze complex fibrous structures are

elucidated.

Digital Volumetric Imaging (DVI) [Micro-science Group Inc.] technique, originally
developed for imaging in the biological field, has been successfully employed as a platform
to visualize and characterize complex nonwovens structure. DVI is a block-face imaging
technique, based on automated serial-sectioning of the sample that has been fluorescent
stained and embedded in a polymer matrix for sequential processes. It can produce thousands
of serial sections directly from the sample block automatically without any operator
involvement (Chinn et al., 2004; Guldemet, 2003; Jagannath et al., 2008; Lindquist &
Venkatarangan, 1999; Shim et al, 2010). This technique is efficient when compared to the
conventional serial sectioning techniques (Li et al., 1998). The obtained 3D image can be
visualized and analyzed by using the RESView™ software package. The 3D structure is
characterized basically into three principle orthogonal directions viz., X, y and z. Further, 2D

sectioned images from these directions can be exported for subsequent analysis by other
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software. Figure 3.1 illustrates the image acquisition scheme of 3D volumetric images using

the DVI microimager® at the Nonwovens Institute, NC State University.

In the current work, DVI’s is used to characterize a hydroentangled nonwoven fabric
structure. Hydroentangling is a mechanical bonding technique that uses a curtain of high-
speed fine water-jets emanating from an array of orifices to entangle a nonwoven web and
form a strong, flexible, consolidated fabric (White, 1990, Tafreshi et al., 2003). This process
is growing globally (Mclintyre, 2010). This process brings about changes in the web structure
viz., deflection, twisting, turning and bending of fibers that lead to fiber entanglement
(Ghassemieh et al., 2001; Tafreshi & Pourdeyhimi, 2003). With the exception of a couple of
patents that claim the existence of a 3D hydroentangled structures (Makumura & Kogame,
1989; Suzuki et al., 1979), to our knowledge, there are no comprehensive reports in the open
literature about how exactly a hydroentangled micro-structure is formed and the manner in
which the fibers interact upon impact by the water-jet. Below, we utilize the DVI technique
to visualize and propose ways to describe the structure in terms of its fiber orientation, and

variations in packing densities in orthogonal directions.
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Figure 3.1:The DVI micro imager™™ 3D image acquisition schematic

3.2Materials and Methods

3.2.1 Materials

For this work, a hydroentangled nonwoven fabric produced at Pilot facilities at the
Nonwovens Institute, NC State University. To facilitate the visualization of the structures
formed, a two-layer structure was formed consisting of a nylon top layer and a PET bottom
layer with a basis weight of 40 and 160 g/m? respectively. The forming surface on the
hydroentangling unit that supported the web was chosen to be a 100 mesh stainless-steel belt.
The fabrics were hydroentangled at a speed of 10 m/min by using only two manifolds. The
first was set at 25 bar for pre-entangling and to wet out of the web. The second was set at a

pressure of 100 bar (See Figure 3.2). The entangled fabric is de-watered and then dried in a
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drum dryer. The thickness of the hydroentangled fabric was measured by using a thickness
gauge (Model BG1110-1-04, AMES - Masters of Measurements) according to ASTM D5729

test method. The thickness was 2.3 mm.

o, —

Direction of
fabric

@

\ i
Wa;{e:jets
(b)

Figure 3.2: The schematic of (a) hydroentangling machine and (b) waterjets emanating from
a manifold
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3.2.2 3D Image Acquisition with DVI

For DV image acquisition, the hydroentangled sample was stained with Sulforhodamine 101
(CAS# 77-92-9) and Nile red (Aldrich, CAS# 7385-67-3) fluorescent dyes to differentially
stain the nylon and polyester components respectively. Sample strips measuring 4 mm x 30
mm were cut and placed into the DVI sample mold to produce a sample block. The sample
mold was then filled with an opaque embedding medium and centrifuged for an hour at 3800
rpm to ensure complete infiltration and subsequently cured for at least 8 hrs. in an oven at
70°C. The embedding medium was prepared as outlined below: 5.0 g of Vinylcyclohexene
dioxide (VCD), 3.0 g of Propyleneglycoldiglycidyle ether (DER), and 13.0 g of
nonenylsuccinic anhydride (NS) were mixed with the overhead stirrer (Heidolph Mechanical
Overhead Stirrer, RZR 2020) and 2.4 g of Sudan black B (Acros, CAS# 4197-25-5) was then
added to achieve opacity. Dimethylethanolamine (DMAE, 224 pL) was lastly added into the
mixture. It was stirred until the mixture became homogeneous and centrifuged for another 15

min at 5,000 rpm to remove coagulated Sudan black particles.

The 3D image data set of a prepared sample block was obtained by using the DVI
microimager® (MicroscienceGroup, Redwood City, California) as schematically shown in
Figure 3.1. The sample block was sectioned with at a section thickness of 2.2 um and with a
4X objective lens, a B2A fluorescent filter cube (Nikon) with 480/40 nm excitation filter, and

a beam splitter 505, 510 LP emission filter and motorized RGB filter wheel were used to
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capture fluorescent images of sectioned sample block surfaces. The process of sectioning and
capturing was repeated sequentially to obtain the necessary number of section (typically
about 1300 sections). After the required number of section images was obtained, the images
were combined to produce a reconstructed 3D image dataset which can then be visualized
and analyzed with RESView™ software package. Further details are presented in the

subsequent sections below.

3.2.3 3D Characterization techniques

An example of a typical 3D data set obtained with above procedure is shown in Figure
3.3(b). This exemplifies the complex nature of the structure of a nonwoven fabric. Note that
structure appears at first glance to form a bundle of capillaries with no distinct order in the
structure making it appear to be difficult to describe analytically. Below, we present a series
of potential strategic approaches one may use to characterize and describe this type of
structure in terms of the structures’ fiber alignment, density/porosity and their spatial
variation. These structural characters are recognized as key factors that influence ultimate

properties of a nonwoven (Komori & Makishima, 1978; Tahir & Tafreshi, 2009).
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Figure 3.3 (a) 3D dataset showing points, planes and volume, (b) Hydroentangled fibrous
structure with an exported volume V[(a,=950, a,=950, a,=950),(1,=50,1,=50,1,=50)] and

plane Py(ay=1000)

65



3.23.1 3D image dataset construction ambtations

Before we discuss details of analysis methods, notations of various components forming 3D
image data set are defined. An image data set, I, built in 3-dimensional Euclidean space,
consists of several elements like points, planes, and volume subset that are defined using

Cartesian coordinates and following notations:

They are illustrated in Figure 3.3 and Table 3.1. The elements point A = (ay, ay, a,) are a
point in image data set I. There are three primary planes that intersect point A. They are
denoted as Px(ay), Py(ay), and P,(a,) which are mutually perpendicular to x, y and z axes
respectively. 3D subset, V, starting at point A with the length dimension of L = (Ix, ly, Iz) are
denoted as V[A, L] or V[(ax, ay, a;), (Ix, ly, 1z)]. Figure 3.3(a) demonstrate use of these
notations on image dataset of the hydroentangled nonwoven fabric. Now let X, Y, and Z
represent sections of machine direction (MD), cross direction (CD) and thickness direction
(TD) respectively. Here, MD is the direction in which the fibrous web flows along the
hydroentangling machine forming the x-axis; CD is the direction which is perpendicular to
MD forming the y-axis. Our 3D images of the hydroentangled samples presented in this
chapter are composed of 1,000 sections in MD and CD each and 1,048 sections in TD (z-
axis), forming a 3D image with dimensions: 2.2 mm (x) i 2.2 mm (y) i 2.3 mm (2).
Different planes and subsets can be exported and analyzed separately for features of interest.

They are denoted according to these notations throughout this chapter.
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Table 3.1: Summary of image element notations used

Elements Notation Descriptions
Type
Point A= (ax, ay, az) Point A at X, y, z coordinates of x=ay, y=ay, and z=a,
Py(ax) Plane perpendicular to x-axis and intercept at x=ay
Plane Py(ay) Plane perpendicular to y-axis and intercept at y=ay
P.(az) Plane perpendicular to z-axis and intercept at z=a,
VI[A, L], 3D subset, ,V starting at point A with dimension L
Where =(Ix, Iy, 1)
A = (ay, ay, az),
and L=(ly, Iy, 1,)
3D
VIA, IF] 3D cubic subset at point A and dimension L= (I, I, 1)
subset
3D subset at point A= (ax, 0, 0), and dimension L = (I,
Imax, Imax). 3D subset of thickness I and intercept at the
VX[ax, Ix]
ax and covering entire YZ plan.
Vvlay, ly] and Vz[a,, ;] can be defined similarly

3.2.3.2 Fiber orientation distribution

The most important structural characteristic of nonwovens and other fibrous structures (like
paper, etc.) are the arrangement of fibers in plane and out of plane (Hearle & Stevenson,

1964; Pourdeyhimi et al., 1996; Pourdeyhimi et al., 2004). The arrangement of fibers in a
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nonwoven has been described by the fiber orientation angle and its distribution, referred to as
fiber orientation distribution function (ODF). 3D fiber orientation can be defined by two
angles: a and B, as shown in Figure 3.4. Distribution of a is in-plane 2D fiber orientation
distribution of angle B is often called z-directional fiber orientation or thickness direction

(TD) fiber orientation.

Figure 3.4: Schematic of fiber orientation angle

Analysis of fiber orientation distribution in nonwoven fabrics and its relationship with fabric
properties has received much attention in the literature (Backer & Petterson, 1960;
Ghassemieh et al., 2001, 2002a, 200b; Hearle & Stevenson, 1964; Komori & Makishima,
1978; Pourdeyhimi et al., 1996a, 1996b; Pourdeyhimi et al., 1997; Pourdeyhimi & Dent,
1997; Pourdeyhimi et al., 1999). However most have focused on 2D planar ODF assuming
that structures are three dimensional layers of 2D oriented webs, and have consequently

reported only XY (or MD/CD) orientations. While it is true that in most nonwovens, the
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structure is an assembly of 2D layers of fiber webs, but in hydroentangled structures,
significant localized fiber movement in the z orientation exists and contributes to the
geometry and the final properties of the nonwoven (Shim et al., 2010). But this localized z-
directional orientation is hard to detect using global 2D analysis techniques. Here, we
describe a pseudo-3D approach by using a series of 2D sections to analyze local variations of
Z-directional orientation. We utilize the imaging capacity of DVI and our existing 2D ODF

analysis techniques (Pourdeyhimi et al., 1996; Shim et al., 2010).

XY Plane
(Z - section)

XZ Plane
(Y - section)

Y (X - section)

Figure 3.5: Exporting 2D planes (Py) from a 3D hydroentangled fibrous structure and
forming sub-volume [V(a, )]
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Figure 3.5 shows the schematic dealing with the exporting of 2D sections from the DVI
dataset. A series of 2D sections, planes perpendicular to y-axis, Py(ay;), are exported from
the 3D image dataset. These sections are parallel to xz planes with x and z directions along
horizontal and vertical directions respectively. Since the depth of a single section was set at
2.2 um during image sectioning and acquisition, a section alone would not be sufficient to
allow the visualization of fiber paths. Therefore, to increase the depth of sample and to track
the meaningful fiber length to measure their orientation angle, multiple 2D sections were

stacked and combined through Boolean image operations to form a new stack, Py (ay )

PSY(aY)=éTI R(a,).k=1,2,....n (Eq. 3.1)
k=1

(@) (b)

Figure 3.6: Micrographs showing the difference between (a) single section (stack thickness
= 2.2 ym), Py, =1320 pm and (b) multiple sections (n = 10 sections, stack thickness = 44 pm),
P =1344.2 um
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Figure 3.6 compares the gray scale images of a single section (Py) and a stack of multiple y
sections (P°y). For the P°y, we used n = 10, that is 10 sections stacked together and the depth
of analysis (thickness) for ODF was 44 nm. In Figure 3.6(b) the fiber paths are clearly shown

as compared to those in 3.6(a).

PSy(ay) was created from a, = 0 to a, = 1000 with the interval of 44 nm and fiber orientation
distribution of these sections are analyzed with Fourier transform methods developed by
Pourdeyhimi et al., (1996). The orientation distribution function [ODF], f (f) is expressed as
a function of the orientation angle, f. The integral of the orientation distribution function f
(f), from an angle f ; to f ,, is equal to the probability that a fiber will have an orientation
between angles f ; and f ,. The function f (f) must additionally satisfy the following

conditions (Pourdeyhimi et al., 1996).
f(F+ Y =F(), |”f5f(f)d =1 (Eq. 3.2)

An example of ODF analysis results is given in Figure 3.7. % frequency represents the
proportion of fibers lying in a particular direction. For any given Py plane, vertical directions,
or 90° correspond to Z direction in 3D image set, and horizontal direction or 0° to x direction
(or MD in processing wise). ODF can provide information regarding fiber alignment
including dominant orientation angles, symmetry of the structure, and the presence of unique

fiber alignment such as bimodal distribution, anisotropy and randomness of fiber orientation
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distribution (Pourdeyhimi et al., 1996). To better describe ODF of each section focused on Z
directional orientation, an overall average anisotropy parameter, H; , (Cos’ anisotropy ratio)

was calculated from each fiber orientation distribution using the following equations,
He = 2<c052 f> -1 (Eq.3.3)

o
Where, (cos® £) = fifi(F) cos® (£ )dr
0
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Figure 3.7: Fiber orientation distribution of a stack (P%): (n = 10 sections, stack thickness =
44 um), P, = 1344.2 uym

72



H; ranges between -1 to 1 and found to be -1, zero and +1 when fibers are aligned in
perpendicular to reference direction, randomly oriented and aligned parallel to the reference
direction respectively (Pourdeyhimi et al., 1996). Therefore, values closer to -1 represent

higher z-direction orientation in case of ODF of Py planes.

3.2.3.3 Solid volume fraction (SVF)

In order to investigate local variations of sample’s relative density, the solid volume fractions
(SVF) of 3D volumetric subset at various coordinates in the DVI dataset were calculated.
Since our interest is the change in SVF as a result of water jet impact, SVF variations as
function of Y position were evaluated. From 3D dataset, a series of 3D volumetric subset,
Vv[ay, ly] (where ay = 0 pm to 2200 pm, ly= 110 pm) were extracted and the volume
occupied by the fibers, VVolsiper, Was obtained by using RESVeiw®. Then, SVFs of Vy[ay, ly]

were calculated using the following equation.

0/ _ VOlfiber
6SVF= Vol 3100 (Eq.3.4)

otal

Where, Volsiper is the volume occupied by the fibers and Volrog is total volume of 3D
volumetric subset. Then, SVF values were plotted as a function of Y to investigate the fabric

density variation as a result of water jet impacts.
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3.2.34 Component segmentation and mapping

In a two-component system, DVI imaging is capable of differentiating individual
components if they have been differentially stained. The 3D dataset of the sample obtained
from DVI Microimager® was color segmented to individualize nylon (red) and polyester
(yellow) components as shown in Figure 3.8, and their volumes will from hereon be referred
to as V" and V&7 respectively. From these data-sets, a series of sub-volumes, V™, (a;, 110
um), (where a;= 0,...2200 pm) and V*¥',(a;, 110 pm), (where a,= 0,...2200 um) were
exported and volumes occupied by fibers are measured. Then, at each a,, %PA fiber is

calculated,

epa=— YO ap9 (Eq.3.5)
Vol + Vol T 4=

Where Vol and Vol”®" are volumes occupied by PA fiber and PET fibers respectively.

Likewise, %PET at each point is also calculated.
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Nylon component
segmentation

Polyester component
segmentation

Figure 3.8: Individualization of nylon (red) and polyester (green) components through color
segmentation

3.3Results and Discussion

3.3.1 Reconstructed 3D images of a hydroentangled nonwoven Fabric

A reconstructed 3D structure of a hydroentangled nonwoven fabric obtained with Resview®
software and DVI microimager® is shown in Figure 3.9. Nylon/PET fibers appear in
different colors due to their differential staining properties. Nylon absorbed mainly
Sulforhodamine showing red color, and the PET component stained with Nile red appeared

as greenish yellow.
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Zone 1
(surface)

Z1

Z2

Z3

(Bottom)

Figure 3.9: Zones in hydroentangled fibrous structure

The figure shows evidence of the effect of jet impacts on fabric structure during the
hydroentangling process. Also, the figure reveals the surface fibers (nylon) penetrating
through the PET layers and aligning in the z-direction. Since the initial sample was designed
to have two distinct layers (nylon layer on top and PET layers on bottom), the changes in
nylon fiber position and alignment are the result of water jet impact. We can observe multiple
streaks of nylon fiber penetrations through the PET layer evenly spaced at about 600 pm.
This corresponds to the orifice spacing in the jet strip used during hydroentanglement. This is
further illustrated in Figure 3.10 where in nylon fibers are aligned in z direction at jet impact
regions and these are also referred as surface penetration fibers. These penetrating fibers are

found to be twisted along the jet (z) direction forming loops.
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Figure 3.10: Surface penetrating fibers at jet impact regions forming loops

To investigate the 3D structure along the z-direction, the structure was divided into four
zones with equal thickness, along the thickness direction (z) direction, starting from the
surface with nylon component to the bottom (polyester component) of the hydroentangled

nonwoven (Figure 3.9).

3.3.2 Zones along thickness direction

Zone 1

This zone is composed of fibers that are primarily on the surface of the web (see Figure
3.11). This zone also illustrates the impact of four water jets that have resulted in the transfer

of fibers from the surface into the bulk. The structure shows regions with clearly separated

77



two-layer structures are periodically alternating with regions where nylon surface fibers

penetrate through PET bulk layers.

Figure 3.11: Zone 1 showing surface penetrating fibers (red), Py = 0 um — 576 pm

Zone 2

Structure of zone 2 is given in Figure 3.12. This zone consists of PET fiber layers with only
small amounts of nylon fibers penetrating the PET web. The 3D structure reveals interesting
fiber alignments. PET fibers are dominantly oriented in both x and y directions. In both
directions, fibers are bundled together and form strand-like structures. The presence of fiber
bundle or strand formation is more apparent in X (MD) oriented fibers. Since fiber bundles
are not typical in unbonded nonwoven webs, these strands can be attributed to the impact of
water-jets. X oriented fiber bundles are separated by nylon fibers in the z orientation. It may
also be observed that some Y oriented PET fibers form more loose bundles and interlaces
with X-oriented fiber bundles. The strands change their direction in xy plane depending on

where they are impacted by the water jets.
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It seems that when the water jet impacts the web, it changes the fiber orientation at the
impact point and creates z-direction oriented regions as well as pushing the fibers away from

the jet path resulting in low density regions.

(a) (b)

Figure 3.12: Zone 2 (a) Showing fiber bundles in XY plane, and (b) Orthogonal view, Py =
576 pm — 1152 pm

Zone 3

This zone in combination with Zone 2 accommodates the surface penetrating fibers that are
interlocked (see Figure 3.13). It is also observed that structures associated with jet impacts
such as bundle formations and clear periodicity of surface penetration fibers are less visible
as the distance between the jet impact points to the observation plane gradually increases

along the zones. This may be because water-jets’ energy is quickly dissipated after the jet
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impacts the web and therefore, at the pressures used in this study, the jets could not further

transfer the fibers into the bulk.

Figure 3.13: Zone 3 (a) Showing fiber bundles in XY plane, and (b) Orthogonal view, Py =
1152 pm — 1729 pm

Zone 4

Zones 4 is the opposite side of jet impact point and in contact with the forming surface
during hydroentangling (see Figure 3.14). This zone has a relatively minimal amount of

surface fibers present. The fibers in the xy planes all appear to be randomly oriented.
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(b)

Figure 3.14: Zone 4 showing (a) random fiber Orientation in XY plane and its (b)
Orthogonal view, Py=1729 pm — 2305 um
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3.3.3 Z-directional fiber orientation distribution

..
SRR

(b)

Figure 3.15: DVI 3D images of (a) y = 1562 um (Non-jet impact region) and (b) y = 1870
pum (Jet impact region)

The 3D dataset of the samples clearly illustrates the presence fibers oriented through the
thickness or z-direction. Note however, that z-directional aligned fibers are dominantly found
locally at jet impact points. An example is shown in Figure 3.15. Figure 3.15 (a) and (b)
show the 3D images and ODF of areas not impacted by the jets at y = 1562 um and areas
impacted by the jet at y = 1870 um respectively (where y represents the y position). Clearly,
most fibers are predominantly aligned parallel to X axis in areas not impacted by the jet

versus regions directly impacted by the jet.
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This difference can be quantified by analyzing the ODF results [presented in Figure 3.15].
This is demonstrated in Figure 3.16 and demonstrates that at the point of impact with the
waterjet, about 17 % of fibers have become aligned in the range of 90°10°. This is fairly
significant. Surprisingly, however, we also note that for the same range of orientation, in
areas not directly impacted by the water jets, some 8% of fibers are oriented in the range of

90° 10°. For the same region, however, 17% are oriented along the x direction.
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Figure 3.16: Fiber orientation distribution of a hydroentangled fibrous structure showing the
difference between jet impact (y = 1870 um) and non-jet impact (y = 1562 pum) regions

To further investigate the z ODF in the areas impacted by the jet impact, fiber orientation
distribution of all xz planes were analyzed as a function of Y direction (see Figure 3.17).

Noticeably, the z-orientation variation is periodic and is highest at the point of jet impact. In
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Figure 3.17, Anisotropy ratio (H;) represents the overall fiber orientation distribution
anisotropy and helps to corroborate the above phenomenon. Here, +1 anisotropy ratio value
indicates parallel alignment of fibers to O degree (xy plane), -1 indicates fibers are aligned to
90 degree (direction) and O degree corresponds to random fiber orientation distribution
(Pourdeyhimi et al., 1996). This arrangement illustrates a periodic change in anisotropy along
y axis. A periodic sharp drop at the jet impact regions Y = 264 um, 748 pum, 1320 um and

1892 um indicates increasing z-orientation caused by water jet impact.
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Figure 3.17: Anisotropy ratio variations along Y direction
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3.3.4 Solid Volume fraction (SVF)

The changes in solid volume fraction along y-axis were examined and are also reported in
Figure 3.18. This too follows a periodic trend and the value varies relative to jet impact
points. Low SVFs at y= 110 pum, 770 um, 1320 pum and 1870 um correspond to jet impact

regions and non-jet impact regions correspond to regions with high SVF.
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Figure 3.18: Solid volume fraction changes as a function of Y axis
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3.3.5 Analysis of surface fiber transfer and fiber mixing through

component mapping

Unlike other bonding methods, mechanical bonding such as hydroentangling, the structure
can significantly change throughout the bulk, and significant fiber reorientation can occur.
Additionally, significant mixing and/or entanglement of components can occur. The
intermingling of the component fibers can be mapped and evaluated from the generated 3D

datasets.

As may be seen from Figure 3.19, the two components, nylon and polyester fibers, are
mapped separately to show the change in fiber transfer upon the impact of water jets with
respect to both nylon and PET components. Here, it is assumed that nylon and polyester
fibers form two separate layers with negligible or no mixing. However, with the impact of
high-speed water jets the initial distribution is altered by surface fibers penetrating into the

bulk of the web. This transfer of fibers can be visualized.

In Figure 3.19(a), the change in relative amounts of surface (nylon) fibers is plotted as a
function of z-direction. Before hydroentangling, there was no fiber transfer between the two
layers. However, as the water jet impinges the webs, the relative distribution of fibers

changes, as shown in Figure 3.19 (a).
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This curve illustrates the profile of surface (nylon) fiber transfer into the bulk of the web and
the change in fiber distribution as a result of water jet impact. In both cases, the changes in
amount of fibers before and after hydroentanglement near the interface are measures of

intermingling of fibers.

3.4Conclusions

Complex 3D structure of hydroentangled nonwoven fabrics can be comprehensively
analyzed by using the Digital VVolumetric Imaging (DVI). DVI was found useful in defining a
new set of terminologies and methods to be studied where complex 3D fibrous assemblies
are involved, including surface fiber transfer, 3D fiber orientation, and density/porosity
variations of fibrous materials. We have also demonstrated the application of these
techniques to analyze hydroentangled nonwovens. It is demonstrated that the waterjets
influence web structure at the point of impact more significantly than the areas in between
adjacent waterjets. DVI can be a useful tool for visualization and analysis of the three-

dimensional structures of complex fibrous structures such as nonwovens.
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CHAPTER 4
STUDYING THE IMPACT OF HIGH-SPEED WATER-JETS ON WEB
STRUCTURES

PART I: EFFECT OF ONE, TWO AND THREE JET(S)

This major part of this chapter is a manuscript entitled “Studying the Impact of High-Speed
Water-Jets on Web Structures, Part I: Effect of One, Two and Three Jet(s)”, by L. B.
Suragani Venu, E. Shim, N. Anantharamaiah and B. Pourdeyhimi, and will be submitted for
publication in a peer reviewed journal.

97



4.1 Introduction

Nonwoven materials are fibrous networks bonded in the form of webs, mats or sheets.
Nonwovens find diverse applications, and are used constantly in day-to-day life. They are
considered as engineered fabrics due to their applications in the areas like filtration, medical
products, hygiene, automobiles, construction, geotextiles, agriculture sectors and many more
(Albrecht et al., 2003). These materials are manufactured by nonwoven processes like
thermal or mechanical or chemical bonding unlike the conventional fabric formation
techniques. Hydroentangling, one of the mechanical bonding processes, is flourishing due to
the feel, softness, durability, absorption and drapability of the outcomes, and considered as
one of the fastest growing nonwoven fabric bonding technology (Bitz, 2001; Ellien, 2002a,
2003b; Vuillaum, 1991). In this technique, fibrous web is mechanically bonded with the help
of fine, high-speed curtain of collimated water-jets. As a result, strong sheet of fabric with
fibers re-arranged and entangled is formed (Ghassemieh et al., 2003; Evans et al., 1969;
Pourmohammadi et al., 2003). These water-jets emanate from an array of cone-capillary
nozzles typically with a capillary diameter of 100 — 130 um. These nozzles are 1 mm thick,
2.5 mm wide and the length is the width of the machine and they are positioned on a long
stainless-steel strip, which is accommodated in a manifold. Depending on the end-use,

hydroentangling machines can have several manifolds (5-8 manifolds).
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Generally, the manifold pressure ranges from 50 to 600 bars for webs with basis weight
ranging from 15 to 500 g/m? (Batra & Pourdeyhimi, 2011). The working width ranges from
1.2 to 6 meters depending on the application. On any hydroentangling machine, initially the
web is pre-wet by the first manifold to get rid of the air pockets and then the water pressure
gradually increases to the last manifold. In addition, there is a vacuum box attached below
the belt (and inside the drum) enabling extraction of water from the fabric to avoid
submersion and to achieve better fiber entangling. Then the hydroentangled fabric is passed
through a de-watering system like through-air drum dryers, where excess water is removed

and the fabric is dried.

In typical hydroentangling process, the fundamental principle involves transfer of water jet
energy to a loose fibrous web. Upon the impact of water jet curtain, surface fibers are pushed
into bulk of the web, resulting in rearranging, reorienting and entangling the fibers. In
addition, fibers are also deflected by the forming surface (web supporting surface) during the
impingement resulting in intermingling of fibers and a web structure with required physical
integrity. Nevertheless, limited research has been reported on the mechanisms involved in
hydroentangling and the effect of waterjets on the fabric formation with respect to the
movement of fibers in the nonwovens and changes in fibrous structure, although a few
patents have been issued (Evans et al, 1969a, 1970b; Suzuki et al., 1979). Also there is no
comprehensive study on how exactly hydroentangling occurs, or how the entangled

regions/bond points are formed when water-jets impact the nonwoven fibrous webs. As
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mentioned earlier, the fiber movement and its possible path in the domain as an outcome of
the jet influence are unknown. For instance in thermal bonded fabrics, the bond regions are
characterized by bond area, size, shape, thickness, bond-to-bond distance (Bhat et al., 2004)
and bond temperature (Rong & Bhat, 2004). Nevertheless in hydroentangling process the
bond points causes not so obvious bonding characteristics but generally termed — fiber
entanglement to provide web integrity needed for the final product. Even though
hydroentangling is very efficient way of forming a bond and providing the web integrity,
very few understand the fiber entangling and this may be due to the limited availability of

research dealing the manner in which fibers are entangled and bonded.

However, literature evidence the attempts made to characterize the changes in
hydroentangled fabric and properties upon water-jet impact and are as follows: Mao and
Russell (2006), defined the intensity of hydroentanglement with respect to the sum of
deflection depths of all fibers subjected to water-jets impact and correlated the fabric tensile
strength to the hydroentangling intensity. In another article by the same authors (Mao &
Russell, 2005), structure-process-property relationships were defined for hydroentangled
fabrics based on fiber deformation and deflection depths of fiber segments. Ghassemieh et al
(2002a, b) studied the fiber orientation and fiber length distribution using SEM images of
hydroentangled fabrics, by implementing image analysis techniques like fast Fourier
transform and Hough transform. Also a relationship between the mechanical properties and

the micro-structural variables like fiber orientation distribution was established. Whereas
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Xiang et al (2006) deduced a linear relationship between the hydroentangling intensity and
flow vorticity in the fiber web created by the high-speed impinging water-jets. Moreover,
research shows that when water-jet hits the fiber web, fibers are interlocked around each
other by creating fiber-to-fiber bonds due to the twisting, turning, tortuosity and
intermingling of fibers (Shim et al., 2010). Besides, an extensive work on improving the
abrasion resistance, pilling reduction (Shim & Pourdeyhimi, 2006) and imparting texture to

the fabric upon impact of water jet has been reported (Shim & Pourdeyhimi, 2005).

Nonetheless from the aforementioned work, the changes in fibrous web structures were
speculated based on the observations captured using an optical microscope and scanning
electron microscope, which generates 2-D micrographs of the specimen. These micrographs
show the surface changes like fiber deflection, loop formation, change in thickness, web
compression and texture without revealing how exactly the fibers are twisting, turning, re-
orienting or re-aligning upon impact of water-jets. Therefore, work in this chapter provides a
better perspective of hydroentangling mechanism due to the three-dimensional nature within
the web structure and reveal the fiber movement, possible path of fibers, and variations with

respect to different jet parameters like impact energy and jet characteristics.

In order to meet the aforementioned objectives, it is necessary to understand the physics

involved behind the impact of water jets and changes in web structure. To do so, firstly the
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impact of single jet on a customized web was studied by employing a test-stand
hydroentangling unit (explained in Chapter 2 section 2.5.5.1, Figure 2.13). The analyses
were carried out by looking at unique assessing factors referred as, depth of fiber penetration
and thickness direction fiber orientation at the jet impact regions. Secondly, the analyses
continued by increasing the number of jets and looked for differences within the web
structures, which are highlighted in this study. Moreover, due to the twisting, turning and
tortuous arrangement of fibers and three dimensional nature within the web upon jet impact,
3D analyzing techniques are very much needed. And prior to such analysis, we need a 3D
visualization technique that can provide high-fidelity information about a 3D complex
structure like a hydroentangled nonwoven web. Thereby, to explore the 3D internal structure
of hydroentangled nonwovens, Digital Volumetric Imaging (DVI) [Micro-science Group
Inc.] — a block-face imaging technique (Russell, 1999) is employed for the current work
(introduced in Chapter 3. The major advantage of using DVI is that it can capture the
internal structures by automated serial sectioning to obtain a three-dimensional reconstructed
image. And this is made possible by a series of processes (Chinn et al., 2004; Guldemet,
2003; Jagannath et al., 2008; Lindquist & Venkatarangan, 1999; Shim et al., 2010) and its

implementation is dealt thoroughly in next section.
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4.2 Experiments

4.2.1 Materials and sample production

The two layered web mentioned in Chapter 2with nylon on surface and polyester web as
backing was subjected to high speed water-jet impacts on a test-stand hydroentangling unit
illustrated in Figure 2.13. This unit consists of a high-pressure pump system, a pressure
vessel or manifold operating up to a pressure of 400 bars, a motor that drives stainless-steel
drum with fine mesh, take-up and wind-up rollers. It is also provided with a vacuum
connected to the drum. The whole setup is supported over a test-stand with a leveling screw,
which can adjust the height of drum from the nozzle exit (fixed in the pressure vessel). The
nozzle plate can be accommodated in a flange mounted under the manifold of the test stand.
The configuration of a single-hole nozzle plate with 128 um nozzle diameter is shown in
Figure 4.1. Similarly, nozzle plates with two and three orifices are used in which the nozzle
diameter and jet spacings/pitch (orifice-to-orifice spacings) were 128 pm and 600 pm
respectively. Details of sample production conditions used in this study are also given in
Table 4.1. Besides, to observe the fiber movement in the webs when hit by water-jets, some
webs were mechanically bonded using an ultrasonic bonding technique called Sonobonding
before hydroentangling. In this technique the webs were bonded using Sonobonfl SM86
machine available at The Nonwovens Institute, NC State University, Raleigh, NC at an
interval of one inch and then the un-bonded region between the ultrasonically bonded regions

was subjected to water-jets impact using the test-stand unit.
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Figure 4.1: Single orifice nozzle plate (Anantharamaiah, 2006)

Table 4.2: Conditions of impinging water-jet(s) on a Test-stand hydroentangling unit

Nozzle Strip Configuration
Fa:tl):)ric Dli\la?izlti r Pitch Nurglfber Pressure (Bars)
um) | ™ | Nozzles
1-128 128 i 1 100, 150 & 200
11-128 128 600 2 100, 150 & 200
111-128 128 600 3 100, 150 & 200
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4.2.2 Optical analysis of web cross-sections and depth of fiber penetration

In hydroentangling process, surface fibers are transferred into the web wherein fibers
penetrate, mix and entangle. Staining the fibers differently and analyzing the fabric cross-

section after optical microscopic imaging visualize the transfer of surface fibers into the bulk.

The hydroentangled samples were stained with Stylacyl Blue RP dye to stain nylon (C.I.
Acid Blue 298) supplied by Du Pont De Nemours & Co. (Inc.). The dye solution of 1: 60 as
material to liquor ratio was prepared at room temperature with 6 % (v/w) dye concentration
and samples were added to the solution at 60°C and then temperature was raised to 100°C. At
this temperature, few drops of acetic acid as a neutralizing agent was added and left for 30
minutes. Then dyed samples were washed and dried at room temperature for subsequent
analysis. However, the dye type and dyeing condition were carefully selected to stain only
nylon components in samples to achieve clear visibility of surface fiber transfer. After
dyeing, the sample was frozen and sectioned along the cross direction and cross-sections
were observed and captured with a stereomicroscope Nikon SMZ1000 StereoMicrozoom and

Nikon DigitalSight DS-Fil camera.

As a result of water jet impact on fibrous web structure, fibers on the web surface are pushed
and transferred into the bulk of the web structure wherein, fibers penetrate, mix and entangle.

Depending on the amount of pressure applied and the nozzle diameter, the depth of fibers
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penetrating varies within the web structure and fibers are interlocked along this depth. There
by, an exclusive term — depth of fiber penetratiois introduced as one of the hydroentangling
parameters to characterize. This term is defined as the distance measured from the fibers on
the surface of the web to the point where the fibers penetrate inside the bulk of the web
structure at jet impact regions. And accordingly, the depth of fiber penetration relative to the
web thickness as % fiber penetration is calculated and employed for characterizing using the

following equation

% Fiber Penetration =Ts/T23100 (Eq. 4.1)

Where Ty, T, and T3 are initial web thickness, web thickness after water jet impact and depth
of fiber penetration respectively, all measured in mm. The calculation of depth of fiber

penetration is illustrated in Figure 4.2.

Moreover, thickness of fabric and web compression were measured to calculate the
percentage fiber penetration using the following equation (Eg. 2) and reported in the

subsequent sections.

% Compression=(T1- T2) - T12 100 (Eq. 4.2)
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Figure 4.2: Schematic showing nylon component penetration into PET web

4.2.3 3D image acquisition using Digital Volumetric Imaging (DVI)

For DVI image acquisition, samples were stained with appropriate fluorescent dyes. The
nylon component of the sample was stained with 10mg/ml Sulforhodamine 101/Citric Acid
(CAS# 77-92-9)/H,0 2mg/ml for 30 minutes at 85°C whereas the PET component of samples
was stained with 10 mg/ml Nile Red (Aldrich, CAS #7385-67-3 )/1-Methyl-2-pyrrolidinone
(NMP, Aldrich, CAS# 872-50-4) for 3hrs at 97°C. Then, stained samples were rinsed with
ethanol and allowed to completely dry overnight and infiltrated with embedding media. The
embedding media was prepared by using following procedures: 20.0g of Vinylcyclohexene
dioxide (VCD) and 12.0g of Propyleneglycoldiglycidyle ether (DER), 52.0g of
Nonenylsuccinic anhydride (NS) were mixed with the overhead stirrer (Heidolph Mechanical
Overhead Stirrer, RZR 2020) and 9.6g of Sudan Black B (Acros # 19016 molecular weight
456.5) to achieve 50% opacity of the media. 996uL of Dimethylethanolamine (DMAE)

added into the mixture. It was stirred until the mixture became homogeneous and centrifuged
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for 15min at 5000 rpm to remove coagulated Sudan black particles. 4 mm i 5 cm of sample
stripes were cut and placed into the DVI sample mold. Then, the sample mold was filled with
the embedding media. The sample was centrifuged for 1 hr. at 3800 rpm to ensure complete

infiltration and was cured for a minimum of 8hrs in the oven at 70°C.

DVI data sets were obtained from prepared sample blocks with DVI® Microimager™ shown
in Figure 2.9 (Chapter2, section 2.4.1). 4X objectives and fluorescent filter cube consisting
480/40 nm excitation filter, and a beam splitter 505, 510 LP emission filter (B2A filter cube,
Nikon) were used and thickness of section used were 2.2 um. The image was captured by the
camera and motorized RGB wheel until the number of cycle has reached a preset value of
1500. In each section, red and green images were captured through motorized RGB filter
wheel to reconstruct colors. Captured images of sections were used to produce image
datasets. The data sets produced were visualized and analyzed with RESView™ software
package. 3D images of different position and a series of 2D sectioned images- all three-
machine direction (MD), cross direction (CD) and thickness direction (TD) sections were

exported from the data sets for further analyses.

4.2.3.1 Analysis of thickness direction (TD) fiber orientation distribution

Hydroentangling can cause fibers in the web to realign resulting change in fiber orientation

distributions. Because of this 3D alignment of fibers, the structural analyses of such intricate
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fibrous networks are challenging. Thereby, in this chapter, pseudo-3D approaches introduced
in Chapter 3were used to investigate 3D web structures by exporting series of 2D sections
perpendicular to three different principle axes. Figure 4.3 shows the schematic of exporting

2D sections from DV data-set.

MD-CD Plane
(TD section)

CD-TD Plane
(MD section)

MD-TD Plane
(CD section)

Figure 4.3: Hydroentangled 3D image showing exporting of 2D sections

A gray scale image of an exported single CD section is shown in Figure 4.4(a). Since CD
section is perpendicular to CD axis in dataset, the vertical axis (or 90 degree orientation
angle) is corresponding to TD and horizontal axis (0O degree orientation angle) corresponding
to MD direction. Therefore, fiber alignment in thickness direction can be characterized by 2D
fiber orientation analysis of CD sections. However, direct analysis of the exported single

section in 2D fiber analysis cannot be employed since the depth of single section is small (2.2
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pm in current setting) and it is hard to see fiber path. To analyze meaningful alignment of
fiber, depth of analysis should be increased, so that fiber paths can be tracked, not the fiber
cross-sections. Increasing depth of sample can be achieved by stacking multiple sections. The
example of compiled image is shown in Figure 4.4(b). Now fiber paths are clearly visible,
while Figure 4.4(a) only showed isolated fiber cross-sections. Fourier Transform methods
developed by Pourdeyhimi.et.al. (1996) was used to obtain the fiber orientation distribution
of the exported sections and their corresponding results are shown in Figure 4.5. Compared
to orientation distribution of fiber (ODF) results of single section, analysis of compiled
images reflects more clear fiber alignments instead of fiber cross-sections. And here

onwards, compiling multiple sections is followed by the ODF analysis.

The next step is to investigate the changes of 2D fiber orientation distribution in the given
direction as the function of section position to understand 3-dimensional fiber alignment
induced by water-jet impact. To do so, a series of CD sections were exported and fiber
orientation distributions of these sections were analyzed and expressed in terms of anisotropy

ratio.
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() (b)
Figure 4.4: Image processing of FFT fiber orientation on 2D sections (a) directly exported
single section, (b) image compiled of multiple sections
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Figure 4.5: The results of fiber orientation analysis of Figures 4(a) and (b)
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To summarize fiber orientation distribution, Cos? anisotropy ratio, H; was calculated from

each fiber orientation distribution. It defined as following equations,

He = 2<cos2 f> -1 (Eq. 4.3)
180

Where, (cos® ) = fifi(F)cos®(£)dr
0

It is the value between -1 to 1 and found to be -1, zero and +1 when fibers are aligned in
perpendicular to reference direction, randomly oriented and aligned parallel to the reference
direction respectively (Pourdeyhimi et al., 1996). Therefore, values closer to -1 represent

higher TD orientation in case of CD sections.

4.3 Results and Discussion

4.3.1 Fiber penetration by impact of single waterjet

It is evident that surface fibers penetrate into the bulk layer when a high speed jet hits the
web surface. As shown in Figure 4.6, nylon fibers stained with blue dye initially located only
on the top surface of webs were transferred inside to PET bulk layers at the jet impact point.
At the non-jet impact region (just a few hundred micron away from jet impact point), there is
no surface nylon fiber transfer into PET (no mixing of the two components). In addition to
surface fiber transfer, the whole fiber web is compressed at the point of jet impact, indicating,

both level of compression and the amount of surface fiber transfer being influenced by jet
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parameters. Penetration depths of nylon fibers into the bulk of PET web hydroentangled on a

test-stand unit using a single orifice nozzle plate of 128 um at three different pressures of

100, 150 and 200 bars are shown in Figures 4.6 and 4.7.

Figure 4.6: Cross-sectional images of single jet impact webs at (a) 100, (b) 150 and, (c) 200
bar pressures

It can be observed that % fiber penetration increases with increase in pressure. This could be
due to the increase in impact force that pushes the fibers deep into the bulk of the web.
Literature proves that (Anantharamaiah, 2006) the impact force, F, of a liquid jet is linearly

related to its velocity, V, and flow rate, m, with p as the liquid’s density, and in turn the flow

rate is directly proportional to gauge pressure.
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Figure 4.7: The effect of jet pressure on depth of fiber penetration

This indicates that increase in pressure (P) causes increase in impact force showing deeper

fiber penetration, which is evident from the following set of equations.

FamVv (Eq. 4.4)

Where m=£rd2V and Bernoulli’s equation is used to calculate the velocity of a

constricted water jet, which is givenas V = 2; (Eq. 4 5)

And from the above equations, we have F a P. Not surprisingly, higher jet force created by

high pressure, pushed more surface fibers inside, showing deeper fiber penetration depth.
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4.3.2 Effect of number of jets on the web structures

Figures 4.8 and 4.9 show the cross-sectional images and the graph plotted for the relationship
between the % depth of fiber penetration and webs hydroentangled with single, two and three
orifice nozzle strips respectively. The results showed increase in fiber penetration with
increase in jet pressure in all the cases (single, two and three orifice nozzle plates). The
reason is once again accounted to the increase in impact force, pushing the fibers deeper
inside the web with increase in jet pressure. On the other hand, when the fiber penetration
with respect to the number of jets was considered, the % fiber penetration showed a

decreasing trend with increase in the number of jets.

Figure 4.8: Depth of fiber penetration at 100 bar pressure for (a) single (b) two and (c) three
jets
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In the case of single jet, surface fibers are penetrating deep inside the web at the jet impact
region as the high-speed water jet pushes the surface fibers deep into the bulk of the web as
mentioned earlier in the previous section. And since the fibers are not held by any other force
except inter-fiber friction (which is negligible when compared to the impact force) there is

better fiber movement along the jet direction.
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35 T T T
Single jet Two jets Three jets

Number of Jets

Figure 4.9: Depth of fiber penetration - Effect of number of jets

However, when three jets were employed the fiber penetrating depth is found to be lower
than the single jet and two jets under same pressures. This can be attributed to the fact that in

a three jet system, jet number 1 and jet number 3 would hold two ends of a fiber, while jet
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number 2 would act on pushing the fiber down. However, due to no freedom of movement
for the fiber, effective fiber penetration gets restrained. Since the distance between the jets
(spacing/pitch) and fiber length in the web were 0.6 mm and 25 mm respectively, it is
assumed that at least one fiber could be interacting with more than one jet. Thus, during
hydroentangling when water jets from the nozzle strip with three orifices impinge the web,
adjacent jets would hold the fibers coming under their action swirl the fibers, entangling with
each other and restrain them to penetrate deeper. Therefore, it can be assumed that an
integrated structure is obtainable when hydroentangled with three or more jets. The above

concept is illustrated in Figures 4.10 (a) and (b) for single and three jets respectively.

Thus, to summarize, along the width of the machine, fibers under the influence of water-jets
may interact with the neighboring jets resulting in entanglement of fibers than deeper fiber
penetration. This trend was un-altered when the jet pressure is increased. In order to validate
the above statement, the webs were bonded using Sonobonding technique to restrict fiber
movement. Sonobonding® is an ultrasonic bonding method similar to thermal point bonding
except that heating of the web is achieved by converting the mechanical energy applied

during the bonding process (Russell, 2007).
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The webs were bonded at an interval of one inch so that at least one end of fiber is held taut
along the bonded region. Then the region between two sonobond lines was subjected to
hydroentangling with single and three jets to observe the difference in fiber penetrations. The
curve in Figure 4.11 compares the difference between single and three jets of Sonobonded
and un-bonded webs. Here, single jet SonoBonded web has lesser depth of fiber penetration
compared to un-bonded web, due to the fact that fibers are being held by bonding and are
restricting deeper fiber penetration. Similarly with three jets, penetration depths are lower for
SonoBonded than un-bonded webs. This explains the difference in fiber penetrations of

single and three jets.
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Figure 4.11: Fiber penetration difference for Unbonded and Sonobonded webs

119



4.3.3 3D structural analysis: Fiber and water-jet interactions

4.3.3.1 Changes in the web structures

The three-dimensional structures of single jet, two and three jets obtained from DVI reveal
formation of unique structures. Figure 4.12 shows the three-dimensional structure of single

jet hydroentangled web.

Thickness direction (TD)

Figure 4.12: Illustration of MD, CD and TD in Single jet hydroentangled DVI structure at
100 bar and 128 pm nozzle diameter

From the cross-sectional images of single jet, it was observed that fibers orient in thickness
direction at the jet-impact region. From DVI images it is evident that fibers from the surface

are dragged and pushed into the bulk of the web upon single water-jet impact. During this
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process of inward transfer of fibers, water jet carries fibers from the surface, along its way
and finally results in majority of fibers orienting in thickness direction (along the jet
direction). This qualitative analysis is also supported by quantitative analysis showing the

thickness direction fiber orientation in Figures 4.16 (a) -(c).

Figure 4.13: (a) 2 jet hydroentangled DV structure MD view and (b) CD view of nylon
component, hydroentangled at 100 bar, 128 um

Figures 4.13 and 4.14 illustrate the three dimensional hydroentangled structures of two and
three jets. Figure 4.13(b) shows the internal hydroentangled DVI structure of two jets from
which entangled region of one of the jets is cropped after segmenting the nylon component
(red color) from the entire DVI dataset. In addition to the change in fiber
alignment/orientation at the jet impact regions as explained in the previous section, the fibers

group in strand and twist along the jet direction. The twisting of fibers in strand may be
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accounted due to two combined reasons. Firstly when water-jet hits the web surface, the jet
carries fibers along the jet direction (TD) forming core of the strand. Apart from the fibers
forming the core of the strand, the web also has fibers along the periphery of the jet in
horizontal plane (MD and CD) at jet impact region. During the jet impact, these (peripheral)
fibers are dragged side-wards forming the outer boundary of the strand ultimately, twisting
the strand due to the sideward pull. Secondly, the drum connected to vacuum has a forming
surface - stainless steel mesh. It may also be accounted that during the jet impact, the fibers
in strand make their way into the opening of the mesh assisting in twisting the fibers strands,

which is illustrated in the inset of Figure 4.14 (b).

Figure 4.14: (a) 3 jet hydroentangled DVI structure MD view and (b) CD view of single jet
extracted nylon component, hydroentangled at 100 bar, 128 pum
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Besides the formation of a twisted stand like structure, the possible structural changes
observed after water-jet impact are fiber twisting, turning and intermingling. And it can be
assumed that all these structural changes might result in offering structural integrity and

mechanical strength to the hydroentangled web.

4.3.3.2 Analysis of fiber orientation distribution Thickness direction

orientation

Thickness direction (TD)

Series of CD
sections:
MD-TD plane

Cross

direction

(CD)

Machine
direction (CD)

Figure 4.15: Schematic of CD sections (MD-TD plane) extraction from a 3D DV dataset
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During the hydroentangling process, water-jet alters fiber alignment in the web. Fiber

orientation distributions of CD sections (sections perpendicular to CD axis) demonstrate

impact of water-jets on fiber alignment. It is clearly illustrated in Figure 4.15. The overall

fiber orientation distribution of CD sections measured as the function of CD position and

results for single jet, two and three jets are shown in the Figure 4.16 (a) -(c).
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Figure 4.16: Anisotropy ratio comparison: (a) single, (b) two and (c) three jets
hydroentangled webs
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This compares the anisotropy ratio curves of single jet, two and three jets hydroentangled on
the test-stand hydroentangling unit whereas Figure 4.17 (a) and (b) shows the variations

between the jet impact and non-jet impact regions of single jet hydroentangled web structure.

Figure 4.17: DVI images of (a) jet-impact region and (b) DV image of non-jet impact
region of a single jet impact web structure at 100 bar

In Figure 4.16(a), for single jet hydroentangled web, the curve shows a valley indicating the
jet impact region and corresponds to fibers being oriented in thickness direction. This is
because, when fibers are coming under the influence of two water-jets, the fibers are dragged
from the surroundings forming a crater in which fibers penetrate and are entangled. Also in
this region fibers under the influence of two jets are interacting by twisting and turning
resulting in a deep crater like structure in the bulk of the web. And for three jets

hydroentangled sample, Figure 4.16(c), fibers are oriented in thickness direction at the jet-
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impact region. This is because, on water-jet impingement fibers are moving along the jet
direction and are oriented in thickness direction, resulting in three valleys in the curve, with

each valley corresponding to the jet impact regions.

4.4Conclusions

In this study, a test-stand hydroentangling unit and Digital Volumetric Imaging technique
were successfully used to analyze the influence of single, two and three water jets on web
structures. A unique parameter, depth of fiber penetration has been introduced to characterize
hydroentangled fabrics, which increases with increase in jet pressure. And the depth of fiber
penetration of single jet was found to be higher than that of two and three jets as a result of
fiber interaction enhanced by the neighboring jets in the latter case. In addition, the fiber
orientation of all samples was found to be in thickness direction at the jet impact region. And
most importantly, DVI structural analysis revealed fibers twisting in strands along the jet
impact regions. In summary, the impinging of adjacent water jet(s) has disclosed a

preliminary approach and understanding of water-jet fiber interactions.
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CHAPTER 5

STUDYING THE IMPACT OF HIGH-SPEED WATER-JETS ON WEB

STRUCTURES

PART Il: EFFECT OF NOZZLE DIAMETER

This chapter is a major part of manuscripts entitled “Studying the Impact of High-Speed
Water-Jets on Web Structures, Part I: Effect of One, Two and Three Jet(s)”, and “Studying
the Impact of High-Speed Water-Jets on Web Structures, Part Ill: Effect of Multiple
Manifolds”, by L. B. Suragani Venu, E. Shim, N. Anantharamaiah and B. Pourdeyhimi, and
will be submitted for publication in peer reviewed journals.
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5.1 Introduction

Hydroentanglement process is water-jet impingement process employed for entangling fibers
to form a mechanically strong textile-like fabric. The fiber entanglement is achieved when a
curtain of water-jets emanate from a fine orifices perforated at a regular distance on a
stainless-steel metal strip. This process is predominantly determined by the waterjet quality
and its characteristics in entangling the fibers, which in turn depends on nozzle geometry.
There have been extensive studies on nozzle geometry and improving the quality of
waterjets. One of the studies discusses the influence of nozzle diameter on jet break-up
lengths and impact force (Anantharamaiah, 2006). But, there hasn’t been any research on
effect of nozzle diameters on web structure, though orifice diameter is one of the parameters
that can be altered depending on the fiber denier, basis weight and forming surface. Chapter
4 provided the basic understanding of the water-jet fiber interaction; this study was initiated
by examining the effect of single water-jet followed by two and three jets on web structures.
This revealed internal structures and changes occurring as a result of water-jet(s) impact. To
expand more on this and meet objectives of this work, the current chapter focuses on
studying the impact of water jets with increasing nozzle diameter, for both single jet and
multiple jets and to deduce their cause-effect relationships. To accomplish the objectives test-
stand hydroentangling unit used in the previous chapters is employed. And the findings there

from are discussed in the subsequent sections of this chapter.
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5.2 Materials and methods

Top View 39.37 mm

[
I~ =

Y

12.7 mm O

Note: Drawings not to scale

(a)
Top View 50.8 mm )
A g
S i 0.6 mm i
9.4 mm O-O-O-O-O-O-O-O-O-® 25.4 mm
) 25.4 mm . )
(b)

Figure 5.1: Schematic of nozzle plates for test-stand hydroentangling unit with (a) single
orifice, and (b) multiple orifices spaced at a distance of 600 pum
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The layered carded cross-lapped webs with nylon forming the surface and polyester web as
backing weighing 40 and 160 g/m? respectively (Chapter 4 were used. A series of jet strips
were designed for test-stand unit. Figure 5.1 illustrates jet-strips specially designed to meet
the specifications of manifold flange dimensions on the test-stand unit and have orifices
perforated at a regular interval of 600 um. Also, Table 5.1 details configurations of nozzle

plates.

5.2.1 Sample preparation

To analyze the effect of orifice diameter, web structures were impinged with both single jets
and multiple jets separately on a test-stand hydroentangling unit. Figures 5.1 (a) and (b)
illustrates nozzle plates with both single and multiple orifices with distance of 600 pum
between orifices for the latter one. Since the hydroentangling process expends energy in
entangling fibers (White, 1990), energy governing parameters like nozzle diameter, pressure
and condition of web have been examined and reported in this study. A range of nozzle
diameters has been used for hydroentanglement at two pressure levels. In addition, the effect
of condition of web was analyzed i.e., by having dry and pre-wet webs for hydroentangling
on test-stand unit. Here, the dry web refers to nylon and polyester layered webs without any
pre-treatment whereas the pre-wet webs are nylon and polyester layers with water sprinkled
on nylon surface. Tables 5.1 and 5.2 provide information on the conditions for water-jet

impingement on web structures.

134



Table 5.1: Conditions of impinging water-jet(s) on a Test-stand hydroentangling unit using a
nozzle plate with single orifice

Nozzle Strip Configuration
Fabric '.\IOZZIG Pitch Number Pressure (Bars) Web condition
ID Diameter (um) of
(um) H Nozzles
Dry
1-128 128 - 1 100, 150 & 200 Pre-wet
Dry
1-300 300 ; 1 100, 150 & 200 Pre-wet
Dry
1-400 400 ; 1 100, 150 & 200 Pre-wet
Dry
1-500 500 ; 1 100, 150 & 200 Pre-wet

Table 5.2: Web conditions of hydroentangled on test-stand unit using a nozzle plate with
multiple orifices

Sample ID | Jet diameter (um) | Jet pressure (Bar) | Condition of web
32F1-100 32 100 Pre-wet
32F1-200 200 Pre-wet
64F1-100 64 100 Pre-wet
64F1-200 200 Pre-wet
80F1-100 80 100 Dry
80F1-200 200 Pre-wet
100F1-100 100 100 Pre-wet
100F1-200 200 Pre-wet
130F1-100 130 100 Pre-wet
130F1-200 200 Pre-wet

5.2.2 Characterization techniques

The produced web structures are characterized using following techniques and their results

are reported in the next section.
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5.2.2.1 Depth of fiber penetration and area of penetration

Nylon Component

Ts
Polyester T T, D
1
Component | oD
T~ ¥
Before waterjet impact After waterjet impact

(a)

Penetration area

(b)

Figure 5.2: Schematic showing nylon component (a) penetration into PET web, and (b)
penetration area into the bulk of PET web

Upon water-jet impact surface fibers are transferred into the bulk of the web along which
fibers are entangled and this region is represented as depth of fiber penetration. Procedures
described in Chapter 4are employed to determine the depths of fiber penetrations for

samples produced. In addition to the fiber penetration upon water-jet impact, penetrating
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fibers also occupy certain area in the bulk of the web due to increasing nozzle diameter, and
referred as penetration area. This area of surface fiber penetration is also measured to
characterize the hydroentangled webs. This area is calculated from the cross-sectional images
by measuring the area of surface fiber penetration into the bulk of the web with measuring
tool of NIS Elements, imaging software. The calculation of depth of fiber penetration and

penetration area are illustrated in Figures 5.2 (a) and (b) respectively.

5.2.2.2 Texture analysis

Upon impact of water jets, fibers from the web surface are transferred inside the bulk
forming fine grooves along the fabric’s machine direction at a regular intervals
corresponding to the orifice-to-orifice distance in the jet strip. The impressions of these
collimated water jets was characterized and termed as jet-streaks/jet-marks (Shim et al.
2005). Since our analyses include hydroentangling web structures using a set of nozzle strips
in two different conditions: dry and pre-wet, the changes created thereon with respect to
texture was characterized and reported. To analyze jet-streaks formation (texture variations),
co-occurrence method was used. It is defined as a second order joint conditional probability
density function, for evaluating jet streak periodicity in the fabrics as described in (Shim et

al. 2005).
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B

Object under inspection

Figure 5.3: Image capturing and lighting condition used for jet-streak analysis (Shim &
Pourdeyhimi, 2005)

The texture capturing device consists of a high-resolution digital camera and a lighting
system configured to provide a macro dark-field illumination (Figure 5.3). The images were
captured perpendicular to the focal plane of the camera. The light source consisted of a
uniform LED light panel. From the captured images, contrast statistics for spatial co-
occurrence matrices were computed across the fabric’s cross direction, for d = 1 to d = 300
pixels. The captured images covered over an area measuring 50 mm 3 25 mm. Five images

were captured for each sample and their average was reported.
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5.3Results and discussions

5.3.1 Effect of Nozzle diameter

Figures 5.4 - 5.7 show the cross-sectional images of webs hydroentangled at 100 and 200
bars using a single orifice nozzle plate of diameters 128, 300, 400 and 500 pum each.
Increasing nozzle diameter also increases jet impact force resulting in increase in jet impact
area. Thus plot in Figure 5.8 shows increase in % fiber penetration with increase in nozzle
diameter. But fiber penetration depths were same for 300, 400 and 500 um at 200 bars. This
is due to greater amount of impact force offered by water-jets that resulted in deeper fiber
penetration and compression of webs at jet impact regions. However, % penetration area
shown in Figure 5.9 was found to be different in the case of increasing nozzle diameter. The
penetration area curve illustrates the area of penetration of surface fibers into the bulk of the
web obtained at 100 bars. It was found to be increasing with increase in nozzle diameter and
also increased with increase in the jet pressure due to the proportional relationship between

pressure and impact force as described in section 4.3.1.

However, at higher pressures (200 bars in this case) area of penetration was found to be
maximum and equal for nozzle diameters ranging from 300 — 500 pm. Besides, Figure 5.10

shows increase in web compression corroborating the effect of increasing nozzle diameter.
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Figure 5.4: Cross-sectional images showing area of penetration of (a) 128 um, 100 bar, (b)
128 pm, 200 bar

Figure 5.5: Cross-sectional images showing area of penetration of (a) 300 um, 100 bar, (b)
300 pm, 200 bar

140



Figure 5.6: Cross-sectional images showing area of penetration of (a) 400 um, 100 bar, (b)
400 pm, 200 bar

Figure 5.7: Cross-sectional images showing area of penetration of (a) 500 um, 100 bar, (b)
500 um, 200 bar
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Figure 5.9: Effect of nozzle diameter on penetration area

142



100

o —=3 Compression at 100bar
g 80 -

S

o

S 60 -

k7))

%)

(0]

o 40 4

£

(@)

g 20 -

>

0 ‘

128 300 400 500
Nozzle diameter (mm)

Figure 5.10: Effect of nozzle diameter on web compression

5.3.2 Web condition — Depth of fiber penetration (DOP)

Depth of fiber penetration introduced in Chapter 4is considered as a unique assessing factor
for hydroentangled web structures. Analysis was carried out for the above mentioned
hydroentangled webs and their results are reported in Figure 5.11. The depth of fiber
penetrations in both dry and wet conditions was found to increase with increase in jet
pressure. However, the depth of fiber penetration for the dry webs was lesser than the pre-
wet webs. One of the possible reasons for higher penetration depth in pre-wet web is the
reduction in flexural and torsional rigidity of fibers when wet, due to softening of fibers by
water. Therefore, the fibers can be easily bent and twisted to entangle themselves forming

loops in the web structures when hit by water jets (Acar & Harper, 2000).
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Figure 5.11: Comparison of depths of fiber penetration - Dry and Pre-wet webs

5.3.3 Web condition — Texture

Figures 5.12 (a) and (b) illustrate the outcomes of co-occurrence analysis of multi jet
hydroentangled web structures at 100 and 200 bar pressure and 80 pm nozzle diameter in dry
and pre-wet conditions. Curve for pre-wet web in Figure 5.12 (a), shows higher amplitudes
as a result of mechanical setting. In other words, in pre-wet condition, the water acts like a
softener, thus softens and compresses the web. Therefore, when jet hits the web in this state,
fibers are set by water-jets impact and are thus, displaced forming water-marks along the

machine direction.
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Figure 5.12: Surface texture of web structures hydroentangled at 80 um nozzle diameter (a)
100 bars and (b) 200 bars

During this process, due to jet impact fibers are moved aside and forms valleys in-between

the jet impact regions causing density variations (Shim et al. 2010). Thus, due to this
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variation and groove formation upon hydroentangling, texture analysis showed curves with
higher amplitudes for pre-wet webs when compared to dry webs. Similarly, in Figure 5.12
(b) on hydroentangling the webs at higher pressure, 200 bar, the results from the texture
analysis show co-occurrence curves with nearly same amplitudes. This may be because of the
higher impact force offered at higher pressures for fiber entangling. Due to such a high
pressure and impact of multiple jets, fibers in both dry and wet conditions, webs are

compacted and push the fibers side-wards so that grooves are formed over the fabric surface.

5.3.4 Impact of multiple jets
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Figure 5.13: Depths of fiber penetration for increasing nozzle diameters
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Figure 5.13 illustrates the changes in depths of fiber penetration for web impinged with
multiple jets of increasing nozzle diameters. A range of orifice diameters were chosen from
32 um to 130 pum as listed in Table 5.2 for multiple jet hydroentangling the layered webs on
a test-stand hydroentangling unit. Hydroentangling with 32 pum nozzle diameter showed no
fiber penetration. This may be because of the higher basis weight and not enough impact
force exerted by water jets emanating from a 32 um nozzle strip to transfer the surface fibers

into the bulk for entangling.
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Figure 5.14: Impact force variations as a function of nozzle diameter

On the other hand, the depth of fiber penetrations were found increasing on hydroentangling

the webs with progressively larger nozzle diameters i.e., 64 um, 80 pm, 100 pum and 130 pm,
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The increase in fiber penetration could be due to increase in the impact force offered by
water jets which is proportional to the nozzle diameter. Figure 5.14 illustrates the increase in
impact force as a function of nozzle diameters. And the depths of fiber penetration trend

remained unchanged even at higher pressures (200 bars).

5.4Conclusions

The emphasis on increasing nozzle diameters on web structures formed a platform to
understand the fiber interaction in addition to Chapter 4 The study showed increase in fiber
penetration and area of fiber penetration with increase in nozzle diameter due to progressive
increase in offered jet impact force. This in turn resulted in greater fiber interlocking.
Comparison of dry and pre-wet webs showed deeper fiber penetration and interlocking due to

lubricating behavior of water suggesting pre-wetting would enhance the fiber entangling.

148



REFERENCES

ACAR, M. & VERSTEEG, K. (2002). Micro-structural Analysis of Non-Woven Fabrics
using Scanning Electron Microscopy and Image Processing. Part 1. Development and

Verification of the methods. Proc. Inst. Mech. Eng., Part216(3), pp (199-207).

ANANTHARAMAIAH, N. (2006). An Investigation of the Influence of Nozzle Geometry in

the Hydroentangling Process. Ph.D. North Carolina State University.

SHIM, E. & POURDEYHIMI, B. (2005). A Note on Jet Streaks in Hydroentangled

Nonwovens. TRJ75(7), pp (569-577).

SHIM, E., POURDEYHIMI, B. & LATIFI, M. (2010). Three - Dimensional Analysis of

Segmented Pie Bicomponent Nonwovens. J. Text. Inst101(9), pp (773-787).

WHITE, C. (1990). Hydroentanglement technology applied to wet-formed and other

precursor webs. Tappi J73(6), pp (187-192).

149



CHAPTER 6

STUDYING THE IMPACT OF HIGH-SPEED WATER-JETS ON WEB

STRUCTURES

PART Ill: EFFECT OF MULTIPLE MANIFOLDS

This chapter is a manuscript entitled “Studying the Impact of High-Speed Water-Jets on Web
Structures, Part 11l: Effect of Multiple Manifolds”, by L. B. Suragani Venu, E. Shim, N.
Anantharamaiah and B. Pourdeyhimi, and will be submitted for publication in a peer
reviewed journal.
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6.1 Introduction

In Chapters4 and 5, the physics involved behind the impact of water jets on the fibrous webs
and the resultant changes caused thereof in the web are elucidated. This includes interaction
and re-orientation of fibers in the fibrous webs when impinged by high-speed fine water
jet(s). In addition, we reported the changes in fiber orientation and fiber penetration with
increase in number of impinging jets. The resultant analysis demonstrated a decrease in depth
of fiber penetration with increase in number of jets from one jet to three jets. This is caused
by the interaction between the fibers, which restrains the fiber mobility due to the effect of
neighboring impinging jets (that arrest the fiber mobility). In addition, the three-dimensional
(3D) web structures obtained from automated serial-sectioning method - Digital VVolumetric
Imaging (DVI) provided qualitative information within the structures such as deflection,
twist and turn in fibers that led to strand formation when subjected to water jet impingement
by two and three high-speed water jets. Also, fibers were oriented in thickness direction (Z-
direction) at jet impact regions. Moreover, the fiber strands were interlocked inside the web

forming entangled regions providing web integrity.

As an extension to our preliminary experimentation aforementioned in Chapters 4 and e
impact of water jets on web structures is studied to examine and understand the hidden nexus
between impinging a curtain of water jets and the web structures by scaling-up the process.

In other words, a nozzle strip with multiple orifices is used to investigate the impact of “jet —
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jet” interactions on fiber entanglements upon jet impacts. In addition, this work also provides
information about the effects of having more than one manifold during hydroentangling.
Thus, to understand the hydroentangling mechanism and water jets and fiber interactions, we
propose our approaches by designing a set of experiments described in the next section,
followed by characterization techniques and then corroborating the effects of

hydroentangling water jets, their variables and changes occurring within the web structures.

6.2Materials and Methods

The layered carded cross-lapped webs with nylon forming the surface and polyester web as
backing weighing 40 and 160 g/m? respectively (Chapter 4 were used. Nozzle strips for lab-
scale hydroentangling unit were designed differently from that of test-stand unit, where in the

length of jet strips spanned the entire width of the former which is about half-a-meter.

6.2.1 Sample production

Table 6.1 details the combination of parameters employed for producing hydroentangled
nonwovens using lab-scale hydroentangling unit. Fabrics were produced with increasing
number of manifolds and webs were hydroentangled only on face (Nylon on face-side and
PET on the belt side). However, all webs were pre-wet using the first manifold at a 15 bars

pressure prior to high-pressure impact. Besides, digital volumetric imaging (DVI) technique
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was used to obtained three-dimensional web structures. Procedures mentioned in the previous

chapters were employed.

Table 6.1: Web conditions hydroentangled at 100 bar pressure on lab-scale hydroentangling

unit
Nozzle Strip .
Sarmole Configuration Hydroentangling Parameters
P Nozzle Orifice-to- Specific Number of .
ID . o X Side of Jet
Diameter orifice Energy active impact

(um) | distance (um) | (kJ/Kg) manifolds P
6E1-100 130 600 986 1 Face only
6F2-100 130 600 1917 2 Face only
6F4-100 130 600 3834 4 Face only
6F6-100 130 600 5751 6 Face only
6F8-100 130 600 7668 8 Face only

6.2.2 Characterization techniques

In order to understand the hydroentangled web structures, their characterization is essential,

which was accomplished using following techniques.
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6.2.2.1 Optical Analysis: Crosssections and depth of fiber penetrations

Webs hydroentangled as per Tables 6.1 were subjected to two-dimensional (2D) cross-
sectional image analysis technique to measure the depth of fiber penetrations. This was

carried out by the procedure developed in Chapter 4

6.2.2.2 Mechanical properties characterization

To determine the effect of multiple manifolds on web structures, characterization of
mechanical properties is essential. Initially, the nonwoven webs were tested for tensile
properties and tear strengths according to ASTM D5034 and ASTM D2261, respectively.
Tests were performed in machine direction (MD) and cross direction (CD) for all samples
and a mean data of five replicates is reported in each case. And all samples were conditioned
at 65% + 2% relative humidity and temperature of 21 + 1 °C prior to each test. Also
shrinkage in the produced nonwovens is reported in the next section by calculating the fabric

widths before and after hydroentangling.

6.2.2.3 Global (Overall) Fiber Orientation Distribution by Optical Method

Fast Fourier transform techniques developed by Pourdeyhimi, Dent and Davis (1997) were used
to measure the fiber orientation distribution of webs as a result of water jet impact. However,

the information obtained from this method provides the projection of fibers along the web
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thickness and the procedure is illustrated in Figure 6.1. Thereby, to observe the changes in
fiber orientation distribution in MD-CD planes along the fabric thickness (z-direction), three-

dimensional analysis is required, and is described in the subsequent sections.

Camera

L
Efj Zoom optics

T Nonwoven Specimen

Sample Stage n

Light

Figure 6.1: Imaging system for fiber orientation distribution determination

6.2.2.4 In-plane fiber orientation distribution

The in-plane fiber orientation (or orientation along thickness direction) distribution of the
hydroentangled web structure is calculated as per the method described in the following
section. Initially, the hydroentangled web structure is divided into four equal zones along the
web thickness (TD). The approach is illustrated in Figure 3.9 of Chapter 3 Beginning with

the surface of the web structure from each zone, images (sections) from MD-CD plane
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(Thickness direction) were exported at a regular interval of 4.4 um. This procedure of
exporting the image was continued till the bottom of each zone is reached. Subsequently,
image Boolean operation was used on these sections to form a stack composed of 10 images
with a constant stack thickness of 44 um. Then, each stack was subjected to Fast Fourier
technique (FFT) to determine the fiber orientation distribution and anisotropy ratio as
described in Chaptes 3 and 4. Likewise, the above mentioned procedure was followed for

other subsequent stacks along the zones of a hydroentangled web structure.
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Thickness direction (mm)

ODF analysis

Figure 6.2: Illustration of procedure for determination of In-plane fiber orientation
distribution

Obtained anisotropy ratio was plotted as function of web thickness (TD position). This

procedure was also repeated for webs hydroentangled with multiple manifolds and then
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compared with respect to their relative thickness direction position whose schematic is shown

in Figure 6.2.

6.2.2.5 Surface fiber transfer

The internal structures, fiber arrangements and the bulk as a result of hydroentanglement
were analyzed by segmenting the surface penetrating fibers and bulk (nylon and PET

components in the current case) from the 3D structure.
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Figure 6.3: Schematics showing (a) determination of amounts of surface fiber transfer, and
(b) profile of surface fiber transfer
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The 3D structure obtained from DVI Microimager® has nylon and PET components that are
color segmented individually using RESView® software as shown in Figure 3.8 of Chapter 3
With this software, the user can rotate, manipulate the image, color segment and select the
regions of interest in the model by cropping and re-magnifying the 3-D image and exporting
2D section of any three principle axis (Jagannathan et al. 2008; Kerschmann, 2001). Once
individual components were separated, variations in fiber arrangements at jet impact and
non-jet impact regions were observed. Unique method to observe and characterize the fibers

penetrating into the bulk of the web structure was developed and is described as follows:

As a first step to characterize the surface penetrating fibers, the surface penetrating fibers are
color segmented from the bulk fibers at jet impact region, as illustrated in section 3.2.3.4.
This segmentation process was made possible by the choice of polymers so that they can be
stained differently with compatible fluorescent dyes. For subsequent analyses, the color
segmented section (nylon component or surface penetrating fibers) was chosen and divided
into equal sub-sections, each 50 or 100 um thick along the thickness direction (z-direction) as
shown in Figure 6.3 (a), and the amounts of fibers in each of these sub-sections were
calculated using the RESView® software and mapped as a function of thicknesses of the
samples. Thus, a profile is obtained for surface penetrating fibers along the web thickness

and illustrated in Figure 6.3 (b).
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The significance of this plot is it reveals the two major components at jet impact regions.
Firstly, a plane parallel to MD-CD plane (or thickness direction) separates nylon fibrous
layer from the bulk polyester layer and is referred as the interfaceand secondly, the area of
curve below the interface represents the region of surface fiber interlocking. Thereby,
calculating the area below the interface provides extent of surface fiber interlocking within
the web and can be employed to compare the hydroentangled web structures and can be

calculated using the following equation.

% Interlocking =§3 100 (Eq. 6.1)

Where A and B are the area occupied below the interface and total area respectively shown in
Figure 6.3 (b). Likewise, the changes in the amounts of fiber in bulk of the web structure
(polyester component) were also calculated and mapped as a function of thickness direction
to analyze the changes (not reported in this work). The above mentioned procedure was
applied to the structures hydroentangled, to characterize the differences in the profiles of
surface penetrating fibers and extent of surface fiber interlocking within the web structure. In
the following sections, the whole web structure with respect to fiber orientation and surface
penetrating fibers is characterized and the obtained structures are compared to extrapolate the

effects of impinging water-jets and having multiple manifolds.
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6.3Results and Discussion

6.3.1 Effect of multiple manifolds - Mechanical properties
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Figure 6.4. Comparing the grab tensile strength in (a) machine direction (MD), and (b) cross
direction (CD)
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Figure 6.5: Comparing the tongue tear strength in (a) machine and (b) cross directions
hydroentangled at 100 bar pressure
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Figures 6.4 and 6.5 illustrate the tensile and tear strength results for webs hydroentangled at
100 bar pressure. Here, strength results increase with increasing manifolds till four manifolds
and further increase in number of manifolds level off the strength values. Thereby, to
understand the changes occurring within the web structures that levels-off the strength values

following analyses are carried out.

6.3.1.1 Surface fiber transferi Effect of single manifold

Figure 6.6 reveals the surface penetrating fibers after color segmentation process of a web
structure hydroentangled using a single manifold. It shows a cropped region of
hydroentangled web structure containing four and three jet-impact and non-jet impact regions

respectively. The significant observations as a result of jet impact are as follows:

9 Transfer of surface fibers into the bulk at water jet impact region
91 Formation of fiber loops at the jet impact regions by the surface penetrating fibers
inside the web structure

1 Interlocking of these looped fibers inside the bulk of the web structure
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Jet impact regions

Figure 6.6: DVI dataset illustrating the surface penetrating fibers of web hydroentangled
using a single manifold with 128 um nozzle diameter, 600 um nozzle spacing and 100 bar
pressure

6.3.1.2 Surface fiber transfen Effect of two manifolds

The term “hydroentangling using two manifolds” can be explained as impingement of web
structure with water-jets emanating from two manifolds. Qualitative analysis of Figure 6.7
illustrates the formation of two sets of loops (surface penetrating fibers) obtained after two
manifold impacts. For both single and two manifold web structures, water-jets transferred
surface fibers into the bulk of the structure at jet impact regions and formed fiber loops inside

the web structure.
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However, the web structure obtained after two manifold impacts was significantly different
when compared to the single manifold structure as shown in Figures 6.6 and 6.7. The 3D
structures showed two sets of fiber loops formed inside as a result of two manifolds impact.
These loops were observed at the jet impact regions along the fabric (MD) and across the
width of the fabric (CD) corresponding to 600 pum jet spacing in the jet strip. Interestingly,
the depths of fiber penetrations of these two sets of loops were different. The first set of loops
showed deeper fiber penetrations formed during the first impact and the second set
corresponded to the second impact and less deep. The difference in the depths may be

accounted due to the following reason:

Second impact

|1

First impact

Figure 6.7: DVI dataset illustrating the surface penetrating fibers (Nylon component) of
webs hydroentangled using two manifolds with 128 um nozzle diameter, 600 pum nozzle
spacing and 100 bar pressure
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During the first impact, the surface fibers are transferred into the bulk forming a set of fiber
loops along thickness direction and are interlocked inside the bulk of the structure. But
during the second impact, fibers are not penetrating deeper as the fibers at jet impact region
(vicinity) are already interlocked inside the bulk of the structure (from the first impact) and
their mobility is restrained. Thereby, fibers do not penetrate deeper during the second
manifold impact. Yet, with two manifolds impact higher interlocked regions are obtained

providing integrity to the web structure.

6.3.1.3 Surface fiber transfen Effect of four manifolds

Like the aforementioned structures, this structure is also characterized by surface penetrating
fibers. However, there exist multiple sets of loops forming inside the structure. This indicates
water jet impacts are different from each manifold and the loops were off-set by 200 — 250
pm approximately. On the other hand, 3D structures disclosed the formation of fiber loops of
different lengths at jet impact regions. This is caused by interlocking of fibers in the web
during the first impact and restraining the fibers to penetrate deeper during the second
impact. In other words, fibers penetrate less deep into the web during every second impact

due to prior interlocking of fibers offered by first manifold impact.
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In addition, the above explanation is corroborated quantitatively by determining the amount
of fibers transferred into the bulk of the web structure as per the procedure mentioned in the

surface penetrating fibewsgction and is reported in Figure 6.9.

Figure 6.8: 3D structures illustrating the surface penetrating fibers (nylon component)
hydroentangled using four manifolds — 600 pum jet spacings, 128 um nozzle diameter and
100 bar pressure

Figure 6.9 illustrates the profile of surface penetrating fibers as function of relative TD
position (web thickness) and compares the same for one, two and four manifold web
structures. By mapping the amount of fibers, a profile is obtained for each manifold showing

the changes in amount of fibers transferred into the bulk of the web structure at jet impact

region.
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Figure 6.9: Profile of surface penetrating fibers: Effect of manifolds

The profile shows presence of 100 % of fibers on the surface and the amounts gradually
decrease along the thickness direction (x-axis) of the web structure, and the trend remained
unchanged for web structures hydroentangled with single, two and four manifolds, at the jet
impact regions. However, the amounts of fibers penetrating into the bulk of the structure are
significantly different. This plot evidence increase in fiber transfer with increase in number
of manifolds (M). And plot in Figure 6.10 illustrate the extent of interlocking of fibers
(calculated using equation 6.1) in Figure 6.3 (b). The plot shows increase in amount of fiber
interlocking with increase in manifolds when second sets of fiber loops are transferred into
the bulk. This indicates formation of higher number of interlocked regions at jet impact

regions providing integrity and compactness to the web structure. This further corroborates
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the retaining/improvement in mechanical properties of web structures due to greater amount

of fiber transfer and extent of fiber interlocking within the web structures.
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Figure 6.10: Extent of surface fiber interlocking: Effect of manifolds

6.3.2 Global fiber orientation distribution

The overall fiber orientation distribution of the web structures hydroentangled as per Table
6.1 is determined and illustrated in Figure 6.11. The ODF results showed increase in MD
fiber orientation with increase in number of manifolds. This may be accounted to draft

incorporated in the webs while processing, which aligns fibers along machine direction.
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Figure 6.11: Overall fiber orientation distribution of multiple manifolds hydroentangled web

Figure 6.12: Shrinkage measurements for webs hydroentangled in Table 6.1



Besides, measuring the fabric widths showed (Figure 6.12) a significant increase in shrinkage
confirming the attenuating in machine direction and in-turn supporting fiber orientations.
Above all, the MD tensile and tear strength results from Figures 6.4 and 6.5 are in par with

machine direction fiber orientations.

6.3.3 Local Variations of Fiber Orientation Distribution

The overall ODF procedure provides only a measure of the anisotropy of total fabrics and it
does not provide changes in ODF along thickness directions. Since the dependency of
properties on fiber arrangement (Pourdeyhimi et al., 1996; Hearle & Stevenson, 1964), an
attempt was made to observe the variations in ODF of the web structure in different planes
along the web thickness. Preliminary analysis on ODF of different planes of sample 6F1-100
(M = 1) is illustrated in Figure 6.13. This shows the difference in fiber orientation at two
different planes along the web thickness viz., at a distance of 1.72 mm and 1.94 mm from the
bottom of the hydroentangled web structure. The exported image at 1.72 mm showed bi-
modal fiber distribution with peaks at 90° (MD) and 0° (CD) which may be attributed to the
formation of fiber bundles oriented in the MD-CD plane. On the other hand, image which is
relatively closer to the surface also showed bi-modal distribution, but the distributions were
involved with skewness possibly due to cross direction fiber orientation (or reorientation of

cross-lapped carded webs).
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Figure 6.13: ODF comparison of different planes along the web thickness of sample 6F1-
100

Thereby, the in-plane fiber orientation distribution is determined according to the above
mentioned procedure and reported in Figure 6.14. This figure compares the anisotropy ratio
curves of single, two and four manifold hydroentangled web structures (for M =1, M = 2 and
M = 4) as a function of relative TD position. To normalize webs with different thickness
caused by compression during the hydroentangling, the fiber distribution expressed as

anisotropy ratio was plotted as a function of thickness position (in terms of zones; Z1 and Z4
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representing the web surface and bottom respectively) and it reveals the orientation

distribution is different for these structures.
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Figure 6.14: Comparison of anisotropy ratio curves along the web thickness for manifolds
(M=1,M=2and M = 4) hydroentangled at 100 bar pressure

In Figure 6.14, the positive and negative anisotropy ratios represent cross and machine
directional fiber orientations respectively and values closer to zero represented random
orientation. Single manifold structure (M = 1) showed cross directional fiber orientation on
the surface of the web but it changed along the web thickness showing machine direction
fiber orientation. However, the two manifold structures exhibited random orientation due to

reorientation of fibers in the bulk. On the other hand, increase in number of manifolds (M =
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4) showed increase in machine direction fiber orientation as a result of fiber re-orientation
and draft caused while processing the web. This confirms the changes occurring within the

web structures with increase in manifolds during hydroentangling.

6.4Conclusions

This work emphasizes hydroentangling with multiple jets to study the effect of their
impingements on web structures and interaction with fibrous webs. The 3D analysis revealed
the internal structures of webs hydroentangled disclosing formation of fiber loops at jet
impact regions unlike formation of fiber strands describe in Chapter 4 The qualitative and
quantitative analyses concluded restraining of fiber mobility with every second impact during
hydroentangling and increase in fiber interlocking within the web structure. In addition, the
in-plane fiber orientation distribution showed change in ODF as function of web thickness
and increase in fiber interlocking with increase in number of manifolds. Besides, this analysis
provided reasoning for change in mechanical properties with change in process variables

creating a scope for process modification.
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CHAPTER 7

HYDROENTAGLED STRUCTURES: EFFECT OF ORIFICE-TO-

ORIFICE SPACING

The major part of this chapter is a manuscript entitled “Hydroentangled structures: Effect of
orifice-to-orifice spacings”, by L. B. Suragani Venu, E. Shim, N. Anantharamaiah and B.
Pourdeyhimi, and will be submitted for publication in a peer reviewed journal.

176



7.11Introduction

Hydroentangling or spunlacing is one of the most wide-spread nonwoven bonding
technologies used today. This technique mechanically entangles fibrous materials (in the
form of short fibers known as staple or continuous filaments as in the case of spunbond —
web, mat, batt or sheet) as a result of impingement of closely-spaced fine, high-speed,
columnar water jets. These jets emanate from fine orifices perforated on a stainless steel
metal strip — jet strip with typical jet orifice diameter ranging from 80 to 130 um and spaced
at a regular distance of 600 um. This set-up is accommodated in a manifold or pressure
vessel through which water is pumped at pressures ranging from 50 to 600 bars for webs with
basis weights 15 to 500 g/m? range (Batra & Pourdeyhimi, 2011). And there can be several
manifolds in a hydroentangling unit (typically 8 or more) depending on the applications.
Since hydroentangling involves impinging of fine, high-speed water jets in entangling of
fibers, it’s considered as energy transfer process. And because of the complexity and cost

involved in this process, efforts have been made to make it efficient and reduce cost.

In hydroentangling process, the primary cost is taken from energy transfer/expended in
producing a curtain of fine, high-speed collimated water jets, and is proportional to the
number of water jets, and vacuum employed, needless to mention. And since water jets are

considered as the heart of the process, possible cost reduction or efficient energy transfer via
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impinging jets can achieve optimization of energy consumption. Literature reveals two major

means for efficient energy transfer, as follows:

(a) Improving the water jet quality by modifying nozzle parameters like cone angle,

nozzle aspect ratio, discharge coefficient and nozzle configuration which reduces the
friction between the walls of impinging water jets, and such modifications and
improvements were made possible by employing a cone-down nozzle configuration
and are discussed elsewhere (Begenir et al., 2004; Ghassemieh et al., 2003; Tafreshi
et al., 2003; Tafreshi & Pourdeyhimi, 2003; Anantharamaiah et al., 2006).

(b) Optimizing the energy distribution profile for efficient energy transfer (Ghassemieh et

al., 2001; Pourmohammadi et al., 2003).

Though researchers were able to obtain optimum nozzle geometry configurations and energy
transfer distributions from the above modifications, minimizing or optimizing the energy
transfer to the fabric or maintaining the structural integrity by expending minimum energy
was challenging and difficult to achieve. However, countable patents were issued in the
public domain with focus on increasing the process efficiency and to attain mechanically
strong nonwovens. Such patents focused on jet strips, orifices and their arrangements for

efficient energy transfer. And these patents are classified and summarized as follows:
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(a) In first category, staggered arrangements of orifices in at least 2 rows in a single bank
or manifold with an orifice density of 800-1600 per meter (20-40 orifices per inch)
were employed. The motivation in the case of two or more staggered rows of jets is to
allow higher density of jet orifices and higher impact energy (Contractor &

Kirayoglu, 1978).

(b) In second category, a wider nozzle-to-nozzle spacing ranging from 190 — 2400
orifices per meter (5 — 60 orifices per inch) were used for impinging jets on webs
(Haraguchi & Goto, 1994; Hwang, 1985; John, 1994). This way the amount of energy
transferred to the web was minimized by decreasing the orifice density but, had to

compromise on the properties, and

(c) In the third category, products were obtained by having a combination of wider
spacing on jet strips (ranging from 0.2 to 5 mm) and oscillating type manifolds
subjected to multiple passes (Kato & Yagi, 1984; Kato & Yagi, 1986). But providing

a means to oscillate the manifolds added an extra cost to the process.

Though the literature discusses the modifications in the process and their applications
thereon, none of the aforementioned efficiently improved the mechanical properties by
minimizing the required energy for hydroentangling. Also, in Chapter 6 studies on

hydroentanglement and process variables concluded restraining in fiber mobility and
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interlocking when hydroentangled using closely spaced water jets in multiple manifolds. In
other words, the study showed decrease in fiber penetrations at every second impact during
impact of closely spaced water jets. Thereby, this chapter shows successful attempts to retain
the properties attained by minimizing the energy required to hydroentangle by a novel
approach. This is obtained by utilizing novel jet strips with wider orifice distances whose
details are dealt thoroughly in the subsequent sections. Comparing the mechanical properties,
specific energy transferred to the webs and structural changes to corroborate the retaining of

properties and structures when hydroentangled using our novel approach, follows this.

7.2Materials and Methods

The same combination of layered carded cross-lapped webs (nylon, 40 g/m? on the surface
supported over polyester 160 g/m?) and lab-scale hydroentangling unit described in earlier
chapters were used. In this study novel jet strips were designed with wide orifice-to-orifice
spacing (or decreased orifice density) ranging from 600 to 4800 um (manufactured by Groz-
Beckert, Germany), to study their effect on web structures and are listed in Table 7.1 and

Figure 7.1.

The layered webs were hydroentangled as per the conditions mentioned in Tables 7.1 & 7.2,
to investigate the effect to jet spacings and also the effect of number of manifolds

respectively. Conditions in Table 7.2 were followed to produce hydroentangled nonwovens
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in a unique fashion to maintain the structural integrity. However, produced webs were pre-
wet using the first manifold at 15 bars pressure prior to high-pressure jet impacts on a lab-

scale unit.

Top View of Jet strip dmm S mm

—

A
\ 4

---------- OO OFO PP OO

Jet strip length (mm)

Nozzle diameter=d mm = 130 mm:
Nozzle-to-Nozzle Spacing=S mm

Figure 7.1: Schematic of jet strips showing nozzle diameter and nozzle spacing

Table 7.1: Table showing the wide spacing jet strips employed for hydroentangling at both
100 and 200 bar pressures and 130 pm, nozzle diameter

Specific energy
Jet spacing Orifice density (kJ/kg)

(S pm) (orifices per meter) 100 bar | 200 bar
600 1600 986 2689
1200 800 493 1344
1800 533 328 986
2400 400 246 672
4800 200 123 336
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Table 7.2: Hydroentangling conditions to maintain structural integrity

Jet spacing Specific Tensile Tear
Sample (um) Energy | Strength (N) Str(el\r:)gth Abs(ogr/z)ency
Mi [ M2 | %Y%) b Tcp [mp ] cp
Series | 600 600 1916.9 2849 |313.2| 695 | 544 4.06
Series Il | 4800 600 | 1055.3 | 308.8 |356.7 | 78.3 | 68.1 5.04

7.2.1 Calculation of hydroentangling energy

Hydroentangling is considered as an energy transfer process (White, 1990). In a typical
hydroentangling process, water jets are impinged on to a fibrous surface with tremendous
pressure. And since the orifice density is reduced, energy transferred to the web structure is
decreased. Thereby, amount of energy transferred to the webs can be calculated in a sequence

of steps and is basically based on Bernoulli equation which ignores viscous losses throughout

the system. Having the manifold’s pressure, Py, the jet velocity is:

Where r =998.2kg/m’is the density of water at room temperature, Py is the pressure in Pa,

and Vy is in m/s. Note that 1 bar is equal to 100 kPa.

The rate of energy transferred by waterjet is calculated as follows:

I§L=%rdzco\/3
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where d is diameter of the orifice capillary section in meter (0.130 mm in the system used),

Cp is the discharge coefficient, and fis energy rate in J/s. However, the total energy (TE) is
calculated as follows:
E

TE=NS3 1000 where N is the number of orifices per meter.

Specific energy (SE) is calculated based on the following formula:

) | _TE

SE[kg .]zl\ﬁt

where Mis the mass flow rate of the fabric in kg/s and is calculated as follows:

M =Sample width [m]? Basis weight [kg/m 2]3 Belt speed[m/s]

Therefore, specific energy (SE) will be obtained in Joules per kg of fabric. This can also be

expressed as watts per kg of fabric.

7.2.1 Optical Analysis: Cross-sections and depth of fiber penetrations

The depths of fiber penetrations as a result of jet impact were measured using two-
dimensional (2D) cross-sectional image analysis technique. This was accomplished using the

procedure developed in Chapter 4
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7.2.2 Mechanical properties characterization

To determine the effect of changes in processing parameters on web structures
characterization of mechanical properties is essential. Initially, the webs bonded were tested
for tensile properties and tear strengths according to ASTM D5034 and ASTM D2261,
respectively. Tests were performed in machine direction (MD) and cross direction (CD) for
samples and a mean data of five replicates is reported in each case. All samples were
conditioned at 65% =+ 2% relative humidity and temperature of 21 + 1 °C prior to each test.
Air permeability, measure of air flowing through the fabric sample in a given area is
evaluated and reported as per ASTM D 737 and this is followed by determining the textile

fabrics absorbency rate using GATS absorbency test.

7.2.3 Three — Dimensional analysis — Surface fiber transfer and fiber

interlocking

To observe the variations within the web structure, qualitative and quantitative analyses were
carried out. Surface fiber transfer and extent of surface fiber interlocking within the web
structures was determined and compared for further analysis. Procedures for the same

described in Chapters 3and 6 were followed.
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7.3Results and Discussions

7.3.1 Effect of jet spacings

The webs hydroentangled as per conditions in Table 7.1 were analyzed with respect to
structural changes and are reported in the following sections. Figure 7.2 shows the increase in
web thickness with jet spacings. This is because, when orifice density decreases gradually the
amount of compression in the web decreases but compression is only observed at the jet

impact region with fibers being carried by the jet accomplished by fiber interlocking and

entangling.
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Figure 7.2: Web thickness of webs hydroentangled as per conditions mentioned in Table 7.1
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7.3.1.1 Depth of fiber penetration

Figures 7.3 and 7.4 compare the cross-sectional images of layered webs hydroentangled as
per conditions mentioned in Table 7.1 at 100 and 200 bars pressure respectively and their
corresponding depths of fiber penetration are mapped in Figure 7.5. These figures conclude
improvement in fiber mobility when wide spacing jet strips are employed in hydroentangling.
In other words, when closely spaced jets impinge on the web surface, fibers from the surface
are transferred into the bulk of the web but do not penetrate deeper as their mobility is

restrained (detailed explanation in section 4.3.2.).

Wide spacing jet strips results in deeper fiber penetration due to less interaction of fibers
coming under the influence of adjacent water-jets. Thus, it improves the fiber mobility and
entanglement. Nevertheless, when the amount of jet impact pressure is increased (at 200
bars), the impact force transferred by the waterjets on to the webs is higher, so fibers
penetrate deep into the bulk and reach the other side of the web surface. And as the spacing
between the jets increased, fibers were entangled by forming a knot like structure, which
compresses the web (Figure 7.4 (e)). Also the webs hydroentangled with wide spacing nozzle
strips show anchoring of fibers at the jet impact regions. Moreover, fibers between the
clustered entangled regions of a web hydroentangled with widest spacing are regions
uncompressed and they forms loft and bulky structures. It can provide better absorbency and

insulating properties. And such a nonwoven with alternating entangled and high loft regions
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are observed along the cross direction resulting in a quilt-like structure. Figures 7.6 and 7.7

compare the improvement in both air permeability and absorbency as a result.

(@) 600 um
TD
I—»CD

(d) 2400 pum

Figure 7.3: Cross-sectional images of nylon stained layered webs hydroentangled at 100 bar
pressure (a) 600 um, (b) 1200 pm, (c) 1800 pum, (d) 2400 um, and (e) 4800 um jet spacings
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Figure 7.4: Cross-sectional images of nylon stained layered webs hydroentangled at 200 bar
pressure (a) 600 um, (b) 1200 pm, (c) 1800 pum, (d) 2400 pm, and (e) 4800 pum jet spacings
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Figure 7. 5: Depths of fiber penetration of cross-sectional images in Figures 7.2 and 7.3
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Figure 7.6: Comparison of air permeability for webs hydroentangled as per Table 7.1
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Figure 7.7: GATS absorbency rate for webs hydroentangled as per Table 7.1

190



7.3.1.2 Energy comparison and mechanical properties
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Figure 7.8: Comparing (a) grab tensile and (b) tongue tear strength results of Table 7.1

hydroentangled at 100 bars
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Figure 7.9: Comparing (a) grab tensile and (b) tongue tear strength results of Table 7.1
hydroentangled at 200 bars
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Figures 7.8 and 7.9 compare the changes in mechanical properties when jet spacing was
increased. Both tongue tear and grab tensile strength properties decreased with increase in jet
spacing. This is because the decrease in orifice density reduced the total amount of energy
imparted to the fabric as shown in Figure 7.10. But increase in pressure resulted in
improvement in both tensile and tear strength properties due to deeper fiber penetration,
compression of web, formation of knot-like structure and anchoring of fibers at jet impact
regions. Since we achieve higher fiber depth of fiber penetrations with wide spacing, it is
possible to offset the reduction in energy in terms of entangling by using wider spaced jets

discussed in next section.
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Figure 7.10: Specific energy comparison for increasing jet spacings
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7.3.2 Maintaining structural integrity

As the mechanical properties are decreasing with increase in jet spacings, webs are
hydroentangled in a novel fashion as mentioned in Table 7.2 to maintain the structural
integrity. This is achieved by using widely-spaced jets to entangle the web and then the web
IS subjected to regularly spaced jets to create an equivalent fabric in terms of physical and
mechanical properties and surface appearance compared to using regularly spaced jets in all
manifolds. Hydroentangling energy calculation procedure demonstrates decrease in amount
of energy transferred to the web (shown in Table 7.2) when orifice density is reduced, by

keeping all other process variables constant.
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Figure 7.11: Comparing grab tensile strength for Series | and Il in MD and CD
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Figure 7.12: Comparing tongue tear strength for Series I and Il in MD and CD

It is evident (Table 7.2) that only half the amount of energy was expended for Series Il
(wider spacings) that resulted in retaining the mechanical properties in contrast with 600 pm
spacing (closely spaced jets). Figures 7.11 and 7.12 compare the grab tensile and tongue tear
strength results for both Series | and Il respectively. These figures show improvement and
retaining of tear and tensile strengths respectively when hydroentangled using wide spacing
jets. And change in orifice density not only reduced the energy but also the mass flow rate by
50%. Thereby, this modification in process and having a combination of manifolds with
wider spaced orifices followed by closely spaced jets maintains the structural integrity by
expending nearly half the amount of required energy and water for hydroentanglement. To
corroborate these changes in mechanical properties as a result of reduced energy transfer,

structural analyses were carried out and discussed in the following sections.
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7.3.2.1 Two1 dimensional analysis: Depth of fiber penetration

Figures 7.13 and 7.14 compare the cross-sectional images and fiber penetration of the
hydroentangled webs respectively. Figure 7.14 indicates deeper fiber penetration for 4800
pm jet spacing web structures along which fibers are entangled when compared to 600 pum
spacing web structure. This is because when the distance between the adjacent water-jets
increases, the tendency of interaction of fibers coming under their influence (or restraining in
fiber mobility) reduces which results in deeper fiber penetrations and enhancing the
interlocking action. This trend is minimal when jets are closely spaced (like 600 pm
spacings) wherein fiber mobility is arrested or restrained (detailed explanation is provided in

section 4.4.2 of Chapter 2).

Figure 7.13: Comparing cross-sectional images of (a) Series | and (b) Series Il
hydroentangled at 100 bar pressure
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Figure 7.14: Depth of fiber penetrations for 600 and 4800 um jet spacings

7.3.2.2 Surface fiber transfer and fiber interlocking

Though 2D analysis (depth of fiber penetrations) of the web structures provided significant
information about fiber entangling, further analyses were carried out to understand the
internal structures to corroborate the reason for maintaining the structural integrity in spite of
expending less energy. Figures 7.15 and 7.16 illustrate the 3D surface penetrating fiber

structures of Series | and Il respectively.
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In Chapter 6 a two manifold hydroentangled web structure showed difference in depths of
fiber penetration during first and second impacts, with latter showing less deep penetration.
This was accounted to interlocking of fibers from the first impact which, penetrate deep and
restraining in their mobility (fibers in their vicinity) during the second manifold impact.
Similarly, when the surface penetrating fibers for wide spacing web structures were analyzed,
they showed fiber penetration into the bulk of the web forming loops at jet impact regions.
However, the 3D images of series Il evident not only a deeper fiber penetration but also a

greater amount of fiber transfer in contrast to 600 um jet spacings web structures.

Figure 7.15: 3D DVI structure illustrating the surface penetrating fibers (Nylon component)
of Series |

Besides, determining the amount of fibers transferred into the bulk of the web structure

corroborates the above explanation. Figure 7.17 illustrate the profile of surface penetrating
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fibers and compare the same for 600 and 4800 um jet impact regions of series I and Il

respectively.

Figure 7.16: 3D DVI structure illustrating the surface penetrating fibers (Nylon component)
of Series Il

The graph in Figure 7.17 illustrates the changes in amount of surface penetrating fibers as a
function of thickness direction (relative web thickness). By mapping the amount of fibers, a
profile is obtained showing the changes in amount of fibers transferred into the bulk of the
web structure at jet impact region. The profile shows presence of 100 % of fibers on the
surface and the amounts gradually decrease along the thickness direction of the web
structure. This profile was found to be consistent for both series. However, the amounts of

fibers penetrating into the bulk of the structure are significantly different. This graph
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evidences increase in fiber transfer with increase in jet spacing due to increase in fiber

mobility.
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Figure 7.17: Profile of surface penetrating fibers for Series | and Il
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Figure 7.18: Extent of surface fiber interlocking for Series | and II

And plot in Figure 7.18 illustrate the extent of interlocking of surface penetrating fibers
(calculated using equation 6.1). The plot shows increase in amount of fiber interlocking with
increase in jet spacings. This indicates formation of higher number of interlocked regions at

jet impact regions providing integrity and compactness to the web structure.

This approach of fiber entangling introduced two terminologies in hydroentanglement —
surface and depth entangling (depending on the basis weights of the employed webs). The
former is found to happen when closely spaced water jets impinge onto a web surface
wherein fibers do not penetrate deep into the web structure. And surface entangling, could

result in reduction in mechanical properties due to fiber entangling happening only on the
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surface (or to a limited web thickness). Whereas, latter (depth entangling) happens when
wide-spaced jet strips are employed in hydroentanglement. In depth entangling, fibers
penetrate deeper into the bulk forming a greater entangling and also by transferring a greater

amount of fibers resulting a knot-like structure by anchoring fibers at jet impact regions.

This further corroborates retaining of mechanical properties for Series Il where in web forms
depth entangled regions when hydroentangled using wide spacing jet strip followed by
surface entangling using closely spaced jet strip. In other words, web structures due to a
greater amount of fiber transfer and extent of interlocking happening within the web

structures, structural integrity is retained by expending only 50% specific energy.

7.4Conclusions

This study is emphasized on investigating the effects of process variables - orifice-to-orifice
spacings on web structures and properties. Modifications in the process resulted in retaining
of mechanical properties by reducing the amount of energy required for hydroentangling. In
addition, having wider spacing during hydroentanglement also showed increase in depth of
fiber penetrations and amounts of surface fiber transfer responsible for greater fiber
entanglement. Furthermore, this study postulates a significant role of fiber mobility in fiber

entangling and assessing the properties of hydroentangled web structures.
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8.10verall Conclusions

This section summarizes the overall findings and conclusions from this research. The current
research is focused on studying the influence of hydroentangling water-jets on fibrous web
structures. Findings from the previous chapters identified and discussed the effects of
individual jets, hydroentangling parameters like jet pressure, nozzle diameter, number of
manifolds and nozzle-to-nozzle spacings on web structures. Also a chapter solely discussed
the approach and techniques developed to characterize a hydroentangled web structure for

the very first time. Notable findings of this research are summarized below:

91 Depth of fiber penetration — an assessing parameter was defined along which fibers
are entangled by twisting and turning of fibers. The depth of fiber penetration of web
impinged by single water-jet increased with increase in pressure and nozzle diameter
due to increase in expended impact forces. Whereas it decreased on increasing the
number of water-jets. This was considered to be due to the fiber interaction happening
under the adjacent water-jets that arrested the fiber mobility. Three-dimensional
analyses revealed grouping and twisting of fibers when impinged by individual jets

that might be responsible for forming integrated structures.

1 Digital volumetric imaging (DVI), a block-face imaging technique was employed to
visualize and characterize a complex hydroentangled web structure. Digital

volumetric imaging (DVI) technique, originally used for medical imaging has been
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successfully employed as a means to visualize and characterize the web structures.
This technique is a block-face imaging technique (based on principle of micro-
tomography), employed for sectioning the hydroentangled web structure that has been
fluorescent stained and embedded in a polymer matrix for sequential processes. The
developed characterization techniques successfully differentiated hydroentangled
nonwovens with respect to depth of fiber penetration, surface fiber transfer, extent of

fiber interlocking, fiber orientation distribution and solid volume fraction.

Fiber mobility plays a significant role in fiber entangling. Studying the effect of
multiple manifolds concluded increase in surface fiber transfer into the web structure.
However the fiber mobility was restricted when closely spaced multiple-jets were
impinged. Study also showed improvement in fiber transfer and fiber penetration
when a pre-wet web was employed and the reason was attributed to plasticizing

nature of water during pre-wetting.

In the concluding chapter, a new set of jet strips were designed with wide orifice
spacings. Hydroentangling webs with these jet strips revealed increase in depth of
fiber penetration along which fibers are entangled. This study introduced two new
terms — surface and depth entanglement and the latter was possible when wider

spacing jet strips were employed forming knot-like structures. In addition, following
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a novel approach in hydroentangling the webs resulted in maintaining the structural
integrity of webs and above all this was achieved by expending only half the amount

of required hydroentangling energy.

8.2Recommendations for Future Work

1 Typically, hydroentanglement process is carried out by employing both belt and drum
as forming surfaces. And since the forming surfaces influences the surface texture,
water removal efficiency, extent of entangling and end-product properties, studying
the effect of type of forming surfaces — belt or drum, material, openness would be of

importance.

91 Input materials for hydroentangling process can be staple fibers or continuous
filaments (or both). Characterizing techniques developed in this study can be
employed to study the entangling mechanisms when continuous filaments as input

materials are used.

1 Water-jets impact creates intricate structures. Since we are aware of fiber behavior

within such structures as a result of change in process parameters, modeling such
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structures and its mathematical representation can help in product development and

also save time and money.

Most of wipes are made from spunlacing technology forming microfibers when
bicomponent polymer fiber systems are used as input materials. Thereby, studying the
influence of jet energy on splitting or fracturing of bicomponent polymer fibers can

be of importance in establishing process-structure-property relationships.

The three-dimensional imaging technique employed in this study is limited to
resolution and is destructive in nature. Non-destructive 3-D imaging techniques like
MRI or X-ray microtomography etc. can be employed for characterizing the

hydroentangled structures that could provide a scale-up structure.

Literature also revealed greater fiber splitting and improvement in mechanical
properties when inclined water jets were used (Mbwana et al., 2007a, 2009b).
Studying the fiber entangling mechanisms and fiber splitting for such produced
structures might provide basis to understanding the structures, fiber splitting or

fracturing and possibly in optimizing the process.
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