
ABSTRACT 

HALLIGAN, WILLIAM PAUL. Structure Property Relationships of Meltblown 
Thermoplastic Elastomer Nonwovens for Controlling Moisture Vapor Transmission Rate in 
Laminated Structures. (Under the direction of Dr. Behnam Pourdeyhimi). 
 

Meltblown thermoplastic elastomers nonwovens were produced with various basis 

weights and through air pressures in order to evaluate the effects of these changes on the 

produced nonwoven structures. Relationships between solid volume and air permeability are 

related, as solid volume fraction is increased, air permeability decreases. A significant 

increase in through air pressure did not significantly alter the fiber diameter of the 

thermoplastic elastomer nonwovens. Each web was laminated between layers of lightweight 

woven fabrics and characterized to understand the structure property relationships in durable 

waterproof breathable garment applications. Solid volume fraction again was the best 

predictor for air permeability in these composite laminated structures. Moisture Vapor 

transmission weight was highest in lightweight low solid volume fraction webs, and webs 

laminated at temperatures just above the melting point. Scanning electron micrographs of 

meltblown thermoplastic elastomer nonwovens laminated between release paper at various 

temperatures show a transition from web to film between the melting point and a temperature 

about 10 degrees Celsius above the melting point. At temperatures about 5 degrees Celsius 

above the melting point, a porous structures can be created, although the transition between 

this porous structure to a solid film is difficult to control.  
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Chapter 1: Introduction 

1.1 Purpose 

Waterproof and breathable textile materials have remained essentially the same since 

the invention of the expanded polytetrafluoroethylene (ePTFE) microporous membranes in 

the late 1970’s. Gore-Tex® brand products, invented and produced by W.L. Gore & 

Associates have dominated the outdoor apparel industry. [1] 

This billion-dollar industry is filled with consumers with high demands for 

performance garments that are waterproof, breathable, lightweight, comfortable, and durable. 

According to Grand View Research, the market was worth $1.15 billion in 2013 with Europe 

accounting for more than 30 percent of purchases and W. L. Gore and Associates 

maintaining the largest market share. It is also estimated that the waterproof breathable 

textile industry will be worth $1.73 billion by the year 2020 where membranes will be the 

dominant portion of the products produced. [2] The report also considers the environmental 

factors challenging many of the current products available today as a potential threat to 

further growth. 

Many athletes, particularly of outdoor pursuits, are exposed to harsh climate 

conditions for extended periods of time. These athletes are performing high-energy activities, 

leading to a large amount of heat building up in the body. Waterproof breathable materials 

are essential in regulating the human body temperature and protecting the user from the harsh 

conditions. At high rates of metabolic activity, heat and moisture production from the body is 

increased. These waterproof breathable materials allow moisture vapor to escape while 



	  
	  

	  

2	  

preventing exterior moisture from penetrating the garment. Accumulation of moisture, from 

perspiration or penetration from the exterior climate can be potentially dangerous. In cold 

climates excess moisture can pull heat from the body significantly faster that heat will leave 

the body when dry. When the wearer of a waterproof breathable garment takes a break from 

activity and heat production decreases, the moisture may cool or even freeze in extremely 

cold conditions. This can cause hypothermia or even frostbite depending on the wearer’s 

metabolic rate, external climate temperature, external climate humidity, other insulation 

materials in the clothing microclimate, and type of fiber in the clothing system.   

Even the best performing waterproof and breathable garments still fall short of the 

performance desired by today’s consumers. [3] Largely dominated by ePTFE films, the 

commercial market has seen little change in waterproof breathable textile materials. 

Additionally, the current materials have severe issues with delamination because of the 

fluorinated surface of ePTFE. ePTFE simply is difficult to adhere to anything because of the 

non-stick, extremely smooth surface of the polymer and its electronegativity.  In other words, 

polytetrafluoroethylene is great at repelling water, as well as everything else. Many laminates 

of ePTFE are bound to durable fabrics by adding large amounts of urethane adhesives. This 

adds to the cost of the production and only partially solves the problem of adhesion. Over 

periods of time that waterproof breathable garments are worn, it is common for delamination 

to occur, particularly when the fabric is not meticulously cared for and protected. 

1.2 Research Objectives 

This research will investigate the process-structure relationships of meltblown 

nonwoven webs in order to map the process factors affecting the web structure of 
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thermoplastic elastomers. Design of experiments will be used in order to produce meltblown 

nonwoven webs with altered process variables. The process variables such as through air 

pressure and basis weight will be changed in order to achieve a range of resulting structures. 

The various webs produced will be characterized to identify relationships between process 

changes and web structure characteristics.  

The meltblown webs will then be evaluated to identify structure-property 

relationships of the meltblown nonwoven webs. Characterizing each web and comparing the 

structures to properties will provide mapped trends indicating the relationships between 

structure and property. 

 Another objective is to evaluate the effect of heat on a thermoplastic elastomer web 

during a lamination process. Webs will be observed using a scanning electron microscope 

before and after lamination in order to see the effects of temperature on the change in the 

web structure. 

Composite fabrics will be produced consisting of woven fabrics sandwiching the 

webs. Characterization will map the relationships between air permeability and moisture 

vapor transmission rate (MVTR), simulating a potential end use embodiment of the material.  
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2 Chapter 2: Review of Literature 

2.1 New product design 

Design of new products requires essential innovation and planning in order for the 

product to have the highest possible chance of becoming a successful product. A new product 

by definition must “provide new functionality, features, or benefits that are clearly visible to 

the customer or user, and which involved at least 50 person-days in development time”.  [4] 

This ensures that a genuine innovation is evaluated extensively and appropriately in order to 

determine the potential for the new product to be successful. The existing technologies, 

markets, finances, and timescale must all be evaluated and the new product or process must 

be absolutely unique and useful in order to be marketable and move onto design and 

development after ideation. As a step in developing a new product, the existing technology 

capabilities must be evaluated and understood. In creating a meltblown fabric exhibiting high 

moisture vapor transmission, the properties must be mapped out and related to the raw 

materials and process parameters. 

A breathable barrier for outdoor apparel appeals to an extremely large and developed 

market of products used for outdoor recreational activities. Professionals in the outdoor 

industry are generally in agreement that the current waterproof breathable fabrics leave much 

to be desired in the aspect of breathability.  
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2.2 History 

2.2.1 Pre Gore-Tex Era 

Before the invention of ePTFE membranes for use in waterproof breathable apparel 

many fabrics were either impermeable with low or no breathability, or breathable and not 

very waterproof.  Products included waxed cotton, polyurethane coated nylon, and products 

such as Patagonia’s Foamback Jacket. [5] These materials relied on a similar absorption and 

diffusion process as modern materials, however the balance between barrier and breathability 

properties is more difficult. This is because in order to increase the barrier properties, the 

fabric becomes less flexible, more thick, and heavier. [6] 

2.2.2 Gore Tex 

Bob Gore popularized the waterproof-breathable fabric market in 1969, while 

working for his father’s company W. L. Gore and Associates. Bob Gore created an expanded 

structure of polytetrafluoroethylene (PTFE) polymer film by quickly stretching heated PTFE. 

[7, 8] This expanded polytetrafluoroethylene (ePTFE) had many of the original properties of 

solid PTFE, but was also a thin porous film. The stretching that Bob Gore found causes 

mechanical fibrillation, and when performed bi-axially, produces a microporous structure. [6] 

The pores of the film are small enough to be impermeable to liquid water, but were also large 

enough to allow water vapor molecules to pass through the film. From this product, the well 

known Gore-Tex line of fabrics were created as durable, waterproof, and breathable outdoor-

performance fabrics. The patent application 3953566 from April 27, 1976 outlines the ideal 

conditions for temperature and rate of stretching the PTFE. [9] 
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Since the original patent by Gore has expired, many companies began sourcing and 

producing non Gore-Tex branded ePTFE fabrics with similar performance and lower cost. 

ePTFE products similar to the original Gore-Tex dominate the market. They are produced 

with a trade name for nearly every brand.  A fabric called eVent by BHA technologies (now 

part of GE) has become one of Gore’s largest competitors by creating an uncoated layer of 

ePTFE that is hydrophobic and “direct venting”. 

2.3  Functional Waterproof Breathable Apparel 

The waterproof breathable apparel fabric market is a billion dollar market dominated 

by high-end technical outdoor applications. [1] The extreme environmental and physiological 

conditions associated with the end use apparel require employment of a barrier fabric that is 

impermeable to exterior wind, water, rain, and snow while allowing the user to maintain 

thermal homeostasis by permitting evaporative heat loss, requiring the fabric to transmit 

moisture vapor from the interior to the exterior. The two main methods for creating a highly 

functional, modern waterproof breathable material are by including a hydrophilic monolithic 

layer or a hydrophobic microporous membrane layer into the fabric.[6]One significant 

challenge in designing these materials is to balance the level at which the fabric is 

waterproof, windproof, and transmission of moisture vapor.  

2.3.1 Hydrophilic Monolithic Layer 

A hydrophilic monolithic layer is a water-loving layer in a composite fabric that pulls 

water into a membrane by means of adsorption. [6] The water then diffuses through the layer 

because of a higher level of heat coming from the body than the exterior environment. [10] 
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2.3.2 Hydrophobic Microporous Membrane 

This method employs a microporous membrane structure formed from a hydrophobic 

material. Pores in the membrane are smaller than water molecules in liquid form, but large 

enough to accommodate the transfer of water vapor molecules through the composite system. 

Pores generally measure from 0.1 to 50µm.  [6] In this direct form of venting, the water 

vapor molecules can skip the adsorption-diffusion-desorption process and quickly pass 

through the fabric for better breathability. Some common methods incorporate both 

microporous membranes and hydrophilic monolithic layers. 

2.4 Requirements for Waterproof Breathable Apparel 

A breathable barrier fabric to be used in outdoor apparel functions will also have to 

meet other physiological, chemical, and environmental performance standards. The material 

must be durable in the end-use environment. The fabric must also be flexible enough as to 

not inhibit the user’s movement when worn. 

2.4.1 Physiological Requirements for Waterproof Breathable Apparel 

Because many waterproof breathable fabrics are used in extreme climatic conditions 

and rough environments, they are an essential layer of protection for the human body. The 

microclimate around our body is defined as the conditions that exist between the skin and 

clothing. [11] Controlling this microclimate dynamically with changes in environmental and 

physiological conditions is key to developing a comfortable and high-performance breathable 

barrier.  
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2.4.1.1 Heat generation 

In order for the end user to perceive the end use product as comfortable the material 

must not cause excessive heat gain or heat loss of the user. The standard human body 

temperature is 37°C +/- 0.5°C.[12]Outside of this range and the body will react by employing 

systems to create or release heat. Our muscles produce heat as a bi-product of doing work 

and the amount of heat is dependent on the rate at which work is done. At rest we have a 

metabolic rate of only 65 Watts per square meter, but in extreme exercise levels, the 

metabolic rate can exceed 400Watts per square meter as shown in Figure 2.1. 

  

 

As metabolic rate increases the windproof and waterproof aspects of a waterproof 

breathable layer become disadvantageous because it does not allow convective cooling of the 

body and slows evaporative heat loss.[13]  

 

Figure 2.1 Metabolic energy production associated with activities 
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2.4.1.2 Moisture Production  

As a mechanism of maintaining thermal homeostasis within the body, sweating is the 

release of moisture through the skin in order for the moisture to evaporate and carry heat 

away from the body. [12] The amount of sweat produced and evaporated is directly related to 

the amount of heat transferred from the body to the environment. As metabolic rate increases 

due to increased activity, the body will generate more sweat in order to prevent accumulation 

of stored heat. Figure	  2.2 shows the increase in sweat production as temperature and 

metabolic heat production increase. At 500W and 30 °C, a rate of about 9 grams of sweat 

was produced per minute. [13] A breathable garment with a moisture vapor transmission 

rating of 20,000g/m2/24 hours equates to 13.8 grams/minute. However, factors such as 

relative humidity and temperature also affect the moisture vapor transmission rate of 

breathable fabrics. 

 

Figure 2.2 Sweat rate at different rates of metabolic heat production 
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A core body temperature increase of 2 degrees Celsius from standard temperature is 

enough to cause significant problems and is considered to be a symptom of hyperthermia. If 

the sweat is not able to evaporate from the skin because of a layer of clothing, it will saturate 

the skin increasing the rate of conductive heat loss. In cold environments without proper 

insulation, this can cause a significant drop in core body temperature leading to hypothermia. 

2.4.2 Chemical Requirements for Waterproof Breathable Apparel 

The breathable barrier will need to be durable enough to launder gently, without 

degradation of performance. The fabric will encounter water, sweat, dirt, and common 

chemicals such as sunscreen and bug repellant. All of these can potentially clog the pores of 

a microporous membrane or chemically damage the membrane barrier layer. The optimal 

fabric will maintain as many open pores of the largest size possible to deliver the highest 

moisture vapor transport rate, while the pores are still of a small enough size to prevent liquid 

water permeation through the barrier layer. The materials must also be stable with exposure 

to UV light over the lifetime of the garment. 

2.4.3 Environmental and Sustainability Requirements for Waterproof Breathable Apparel 

The optimal breathable barrier will also be constructed from materials and with other 

layers that are recyclable together. Consumers association of sustainability with doing the 

right thing in designing and producing goods has increased significantly in recent years.  

Improved waterproof breathable material design can be accomplished by evaluating 

the current leading design against some of the 12 principles of green engineering, published 

by the American Chemical Society. [14]  
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• “Prevention instead of Treatment” W.L. Gore and associates directly recommends on 

its website to dispose of Gore-Tex product via landfill or incineration with alkaline 

scrubbers. W.L. Gore and associates mentions a recycling program that was discontinued 

after only two years due to low recovery rates of Gore-Tex materials.  [15] Ideally a newly 

designed product is recyclable and prevents waste, even at the end of its life cycle. 

• “Design for Separation” Gore-Tex ePTFE laminates are comprised of many 

chemically diverse layers that are not easily separated. Most Gore-Tex products use nylon 

exteriors, polyurethane adhesives, an ePTFE membrane layers, more polyurethane adhesives, 

and either a textured printed layer or knit scrim fabric of nylon or polyester.  

• “Maximize Efficiency” The number of fabrics, adhesives, and lamination processes to 

produce a Gore-Tex laminate seems inefficient. It is comprised of a layer of fabric, a layer of 

adhesive, the membrane, another adhesive, and another fabric. Minimizing the number of 

components and assemblies will help save on production energy costs. A new product could 

be comprised of a meltblown layer laminated to one fabric with a printed side, or two fabrics. 

The meltblown layer could be produced and laminated to fabrics on same production line as 

one efficient process. 

• “Conserve Complexity” The numerous layers of a Gore-Tex laminate is the definition 

of complexity. Combinations of polymers and structures and assembly processes make it a 

difficult material to break down at the end of life. A meltblown material would be of simple 

design with less layers and structures. This would lead to easier recycling as well as 

increased durability. Elimination of ePTFE would also reduce potential release of fluorinated 

chemicals upon disposal. 
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• “Minimize material diversity” Gore-Tex more similar polymers can be used with all 

nylon or all polyester fabrics so that all polymers in the product are of similar chemical 

structure for recycling compatibility. 

A recyclable system with comparable performance would be an extremely valuable 

trait that would appeal and market to many of the users of current waterproof breathable 

apparel. It has been shown that consumers are willing to pay a premium for environmentally 

responsible garments.[16] 

2.5 Thermoplastic Elastomers 

Thermoplastic elastomers (TPEs) are polymers that exhibit rubber-like properties due 

to the chemical structure of the polymer chains. TPEs can be produced quickly and 

efficiently using existing thermoplastic processing equipment and processes.  [17] They 

exhibit a high degree of flexibility and mobility allowing for elastic deformation and 

recovery.  

Many TPEs are phase-separated systems formed of copolymer chemistry where one 

phase is a hard segment and solid at room temperature and the other is an elastomer that is 

soft and deformable at room temperature and exhibits elastic recovery. The “hard” plastic 

material controls properties such as; processing temperature, use temperature, strength, 

chemical resistance, and adhesion. The “soft” elastomeric material will influence use in 

lower temperature, hardness, and compression.[18] 

Three types of thermoplastic elastomers are produced commercially; styrenic thermoplastic 

elastomers, multi-block copolymers, and hard polymer-elastomer combinations. Other 

thermoplastic elastomers are grafted copolymers, ionomers, and core-shell morphologies. 
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[17] The initial properties of each polymer, as well as the ratio of A:B will influence the 

properties of the copolymer.  

Thermoplastic elastomers will be used due to the good moisture vapor transmission 

ability.[19] 

2.5.1 Hytrel®  

Hytrel is a copolymer produced by DuPont and is comprised of regions of 

polybutadiene and regions of glycols. [20]Hytrel, a copolyester elastomer, remains tough 

over a wide range of temperatures than thermoplastic polyurethanes (TPUs) commonly found 

in the production of waterproof breathable fabrics such as Gore-Tex. Copolyester elastomers 

also exhibit high tensile and tear strengths, are flexible over a wide range of temperatures, are 

hydrolytically stable, resistant to solvents and fungus, and available in various 

hardnesses.[18]The Hytrel RS 40F3 grade used in this experiment is also produced using at 

least 50% renewably sourced materials.[21]This grade of Hytrel is an appealing polymer for 

use in consumer apparel due to the increase in consumer preference for sustainable and 

environmentally friendly products.[16] 

2.5.2 Pebax® 

Pebax is a polyether block amide produced by Arkema containing flexible polyether 

segments rigid block polyamides. It is a low density and lightweight polymer making it 

suitable for apparel applications. Pebax® is antistatic and resistant to a wide range of 

chemicals. Pebax 5533 will be used in the experimental section of this thesis.  
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Polyether block amides do not use plasticizer and are frequently processed by injection 

molding or extrusion. These polymers are light, flexible, resilient, strong, provide impact 

resistant at lower temperatures, and offer good resistance to most chemicals. [18] 

2.6 Nonwoven Technologies 

2.6.1 Meltblown nonwovens 

Meltblowing is the process of extruding molten thermoplastic material through a high 

velocity air current that will elongate and transfer the material onto a collection device, 

forming a self-bonded web of fiber. This process produces fine fibers that can be soft and be 

high strength due to the bonding and entanglement of the fiber filaments. The ability to 

produce uniform fine fiber webs is extremely useful for making high surface area fabrics at 

low cost.  [22] Meltblowing can accommodate a wide variety of thermoplastic polymers such 

as nylon, PET, polypropylene, PLA, TPU, styrene, and copolymer blends. The raw polymer 

material is purchased in granules and dried before use. Once dried the polymer granules are 

moved into the hopper of the extruder and fed in at constant rate. The screw transports the 

polymer and is heated to melt the polymer into a solution. The screw also transports the 

melted polymer solution through externally heated zones until the solution is delivered to the 

metering pump at a prescribed temperature, pressure, and viscosity. The metering pump 

delivers an exact amount of polymer to the die and pressures the viscous fluid through and 

out of the die as pictured in Figure	  2.3. Once the fluid exits the die two converging streams 

of hot compressed air blow the solution. A vacuum is used to pull away the processing air, 

and collect the fiber on a drum or conveyor. 
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 In this experiment, a Biax Fiberfilm meltblowing line will be used to produce sample 

fabrics. The Biax Fiberfilm die is unique because each capillary (hole) in the die has its own 

stream of through air.  

Figure 2.3 Meltblowing die 
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2.6.1.1  Meltblowing Process Properties  

Controlling the meltblowing process parameters is integral in creating an effective 

barrier and high moisture vapor transmission rate nonwoven layer. The selection of polymer, 

basis weight, thickness, and fiber size will affect the resulting characteristics of the 

nonwoven web that will be produced. [22] Altering production parameters of meltblown 

thermoplastic elastomer webs is limited due to the low melt flow rate and high viscosity of 

the thermoplastic elastomers.  

Adjusting the process parameters of the meltblowing system outside of the melt pump 

and die parameters will still have a wide range of effects on the structure of the fibrous web 

produced, and subsequently the structure. Changing the speed of the collection drum will 

Figure 2.4 Biax Fiberfilm Meltblowing Die 
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directly affect the resulting basis weight and thickness of the produced fiber web. Increasing 

the speed of the collector will result in lower basis weight while increasing the speed will 

reduce the basis weight. [23-26] 

The through air pressure of the meltblowing line will affect the fiber size of the web 

produced. Higher air pressure will cause greater attenuation of the fiber as it exits the die and 

result in a smaller fiber size. [26-28] 

2.6.1.2 Meltblown web structure Properties 

Solid volume is a function of basis weight, thickness and density. It is defined as the 

ratio of non-solid material to solid material within the volume of the nonwoven. Solid 

volume can be calculated according to Equation	  2.1	  Calculation	  of	  Solid	  Volume	  Fraction 

Equation 2.1 Calculation of Solid Volume Fraction 

𝑆𝑉𝐹  (%) =   
𝜌!"#$%&
𝜌!"#$%

  ×  100 

As solid volume fraction increases the porosity must decrease as solid volume 

fraction is the opposite of porosity. The relationship between solid volume fraction and 

porosity is defined in Equation	  2.2.[29] 

Equation 2.2 Calculation of Porosity 

𝑆𝑉𝐹 = 1− 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 

Solid volume fraction has significant effects on the air permeability of nonwoven 

fabrics as more dense and solid webs increase the resistance to air flow by creating a larger 

pressure drop. [29-31] 
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2.6.1.3 Meltblown web properties 

Moisture vapor transmission rate (MVTR) is also sometimes referred to as water 

vapor transmission rate or WVTR because of the common use of water as the substance to 

test. MVTR is defined as the weight of vapor transmitted through an area of material during a 

specified time period. MVTR is most commonly expressed as grams per square meter per 24 

hours. Fabric structure properties affecting MVTR include; thickness, mean pore flow 

diameter, diameter of maximum pore size, solid volume fraction or packing factor, and fiber 

moisture regain.[32] 

Air Permeability is defined as the volume of air that can pass through an area of 

fabric over a given time. Air permeability is greatly affected by many of the same fabric 

structure properties as MVTR. Basis weight, thickness, solid volume, and porosity are each 

contributing factors to the tested air permeability of a nonwoven fiber web. [10, 29, 32] 

Robin Dent investigated the relationship structure properties on the resulting air 

permeability of nonwovens. He concluded that web weight is the largest factor as proposed 

by Kothari and Newton.[33] However, Dent also evaluated the models accuracy and 

determined that density and solid volume was nearly as important in modeling the air 

permeability of nonwoven structures.[34] 

2.6.2 Spunbond nonwovens 

Spunbond nonwovens are created by extruding molten thermoplastic material through 

a spinneret plate with up to 6000 holes per meter. Once the thermoplastic fluid is pumped 

through the spinneret, the material begins to quench and solidify, forming fibers. Fast moving 

air can draw the fiber filaments into fine fibers and collected on a conveyor or screen and 
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then entangled by jets of water. The process of extruding and hydro-entangling the resulting 

fibers is a process that creates a soft hand, well bonded web of fiber. The average fiber size 

can be between 1-20 dtex, and fiber webs can be in the range of 10-180g/m2. Spunbond 

markets include: hygiene, moldable components, backings, geotextiles, interlinings, 

filtration, barriers, and roofing components.[22] 

2.6.3  Electrospun nonwovens 

The process of electrospinning is an effective approach for creating nanofiber webs. 

The solution is metered through a syringe which the tip of the needle contains a charged 

Taylor cone. As the solution is pumped out the opposite charge is applied to the collection 

surface, attracting the solution, which is extended into extremely fine fibers before reaching 

the collection surface.[22] Electrospun webs with low weight and high moisture vapor 

transmission have been created.[35] These products are not yet commercially viable for use 

in apparel products due to the low production ability and the high costs of both material and 

processing.  
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2.7 Waterproof Coatings 

Coatings applied to provide waterproofing properties to fabrics are usually composed 

of silicones and fluorocarbons in modern practice. These coatings can be applied to the fabric 

by padding, doctored foam coating, and sprays. These finishes are best applied to anionic 

fabric structures. Fluorocarbons and silicon finishes also allow the fabric to maintain 

breathability, allowing moisture vapor to pass through. 

 

2.8 Lamination 

Lamination of the thermoplastic elastomer webs will have varied effects based on the 

total thermal energy applied to the material. Temperature will have the greatest effect along 

with dwell time and pressure in converting the meltblown thermoplastic elastomer webs into 

film or membrane-like structures. Once the meltblown webs begin to melt and flow the 

Figure 2.5 Electrospinning Process 
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structures will begin to change. Optimizing the amount of melting will result in manipulation 

of the solid volume and porosity, possibly creating of a highly porous structure that will 

affect properties such as air permeability and moisture vapor transmission.  

2.9 Test Methods 

2.9.1 Moisture Vapor Transmission Rate 

Moisture Vapor Transmission Rate (MVTR) is tested according to ASTM 

E96/E96M-13. This standard outlines the determination of water vapor transmission through 

materials not exceeding 1 ¼ inches (32mm) in thickness. The E96 standard outlines two test 

methods, the desiccant method and the water method. The desiccant method the sample to be 

tested is sealed to a dish containing a desiccant and placed into a controlled environment. 

Periodic weighing of the dish will determine the rate of moisture vapor transport. The water 

method is similar in sealing the sample to be tested to a dish placed into a controlled 

atmosphere. The water method dish contains distilled water instead of a desiccant. The vapor 

pressure is about the same in both methods, except the extremes of humidity are on opposite 

sides. 

The test utilizes simple equipment that produce reliable values of water vapor 

transport through permeable and semi-permeable materials. The test dish should be 

lightweight, shallow is preferred, and have an area of at least 4.65in2 (3000mm2). An 

analytical scale is used to detect small weight differences in the transfer of moisture into or 

out of the dish.  The air velocity in the test chamber is not still but between 0.066 and 1 ft/s. 

The samples are sealed to the dish by an impermeable wax, ensuring that all moisture 

transport occurs through the sample material. 
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The test method also provides variations to the test such as the inverted cup test 

method where water is in direct contact with the test specimen. This allows for fabrics to 

work in adsorption and diffusion process. 

2.9.2 Air Permeability 

The ASTM D737-04 standard is the current test method for evaluating the air 

permeability of textile fabrics. The method applies to almost all treated or untreated; woven 

fabric, knit fabric, and nonwoven fabrics. Airflow passes perpendicularly through a known 

area of fabric until a specific pressure differential is achieved and from this rate of airflow, 

the air permeability of the fabric can be calculated.  

The testing equipment must have a circular test area of 38.3cm2 (+/- 0.3%) or be an alternate 

size of 5cm2, 6.45cm2, or 100cm2. The sample must clamp to the testing surface with a force 

of 50N (+/- 5N) with no distortion and minimizing edge leakage below the test sample. The 

testing equipment must create a minimum pressure drop of 125Pa across the specimen. The 

measurement of the pressure differential and rate of airflow should each use a gage accurate 

to +/- 2%. The test should be performed on conditioned fabric samples in a conditioned 

environment as outlined in ASTM D1776. 

2.9.3 Water Column Test 

The test for determining waterproofness is the AATCC 127 test method. A water 

column or hydrostatic head test can be performed to determine the amount of water or 

pressure needed to cause water to penetrate the fabric.  
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Table 2.1 Definitions of water resistance 

Waterproof 
Rating (mm) Resistance provided What it can withstand 

0-5,000 mm 

No resistance to some 
resistance to moisture 

Light rain, dry snow, no 
pressure 

6,000-10,000 
mm 

Rainproof and waterproof 
under light pressure 

Light rain, average snow, light 
pressure 

11,000-15,000 
mm 

Rainproof and waterproof 
except under high pressure   

Moderate rain, average snow, 
light pressure 

16,000-20,000 
mm 

Rainproof and waterproof 
under high pressure 

Heavy rain, wet snow, some 
pressure 

20,000 mm+ 

Rainproof and waterproof 
under very high pressure 

Heavy rain, wet snow, high 
pressure 
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3 Chapter 3: Experimental Methods 

3.1 Biax Meltblown Nonwoven Production 

3.1.1 Design of Experiment for Meltblown production 

  A design of experiment for producing Meltblown fabrics was created including 

variation in polymer, basis weight, and through air pressure. The polymers used were 

thermoplastic elastomers Hytrel and Pebax. Meltblown webs of 15, 30, and 50 grams per 

square meter (GSM) were produced. The through air pressures were 8 and 14 pounds per 

square inch (PSI). These webs were produced on a Biax Fiberfilm meltblowing system. 

 

Table 3.1 Design of experiment for meltblown web production on Biax Fiberfilm meltblowing line 

Sample ID Polymer Air (air) Basis weight 
(gsm) 

Bx-HyRS-1 Hytrel RS40F3 8 15 
Bx-HyRS-2 Hytrel RS40F3 8 30 
Bx-HyRS-3 Hytrel RS40F3 8 50 
Bx-HyRS-4 Hytrel RS40F3 14 15 
Bx-HyRS-5 Hytrel RS40F3 14 30 
Bx-HyRS-6 Hytrel RS40F3 14 50 
Bx-Px55-1 PeBax55 8 15 
Bx-Px55-2 PeBax55 8 30 
Bx-Px55-3 PeBax55 8 50 
Bx-Px55-4 PeBax55 14 15 
Bx-Px55-5 PeBax55 14 30 
Bx-Px55-6 PeBax55 14 50 
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3.1.2 Film conversion 

 Meltblown fiber webs are converted into films for characterization by heating the 

webs between sheets of release paper. Samples were selected from the webs produced in the 

Biax meltblown design of experiment as listed in Table	  3.1.  A Klieverik laminator was used 

at 60PSI, a speed of 2 meters per minute, and at various temperatures. Table	  3.2 shows the 

web selection and lamination process parameters. 

 

Table 3.2 Design of experiment for laminating produced meltblown webs between layers of release paper 

Sample Lamination 
Temperature (C°) 

Lamination Speed 
(m/min) 

Lamination 
Pressure (PSI) 

Bx-Px55-6 150 2 60 
Bx-Px55-6 155 2 60 
Bx-Px55-6 180 2 60 
Bx-HyRS-3 190 2 60 
Bx-HyRS-3 195 2 60 
Bx-HyRS-3 200 2 60 
Bx-HyRS-6 190 2 60 
Bx-HyRS-6 195 2 60 
Bx-HyRS-6 200 2 60 

 

3.1.3 Woven Fabric Laminate Creation 

 Laminates were created using the same Kleiverik laminator as used to create the 

films.  All of the samples produced in table 3.1.1 were sandwiched between woven fabrics 

and laminated at various temperatures and at a speed of 2 meters per minute and 60 pounds 

per square inch of pressure. All Pebax webs are sandwiched inside nylon woven fabrics and 

all Hytrel webs are sandwiched inside polyester fabrics, where the woven fabric is the same 

on both sides. 
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Table 3.3 Design of Experiment for producing meltblown/woven composite fabrics 

Lamination 
Temperature (C°) 

Lamination 
Speed (m/min) 

Lamination 
Pressure (PSI) 

Web Polymer Woven 
Polymer 

180 2 60 Pebax Nylon 
185 2 60 Pebax Nylon 
190 2 60 Pebax Nylon 
190 2 60 Hytrel Polyester 
195 2 60 Hytrel Polyester 
200 2 60 Hytrel Polyester 

 

3.2 Methods for Characterization of Meltblown webs and laminates 

3.2.1 Basis weight 

 Basis weights of the samples were calculated in accordance to ASTM D3776 option 

C. A circular cutting device having an area of 100cm2 was used to create samples for 

weighing on an analytical scale accurate to 0.001 gram.  The weight of each 100cm2 sample 

is multiplied by 100 to calculate the weight in grams per square meter. A minimum of 3 

samples were cut and weighed for each web or laminate characterized. 

3.2.2 Thickness 

 Thickness of the samples are measured in accordance to ADTM D5729. A thickness 

gauge accurate to 0.02mm with a round presser foot was used. A minimum of 10 readings 

were made for each web, fabric, or laminate tested.  

3.2.3 Solid Volume Fraction 

 Solid volume fraction is calculated by multiplying the basis weight of the sample by 

the thickness of the sample to give the density of the fabric, and is then divided by the 

density of the fiber.  



	  
	  

	  

27	  

3.2.4 Fiber Size 

 Fiber size is to be measured using image analysis of scanning electron microscope 

images.  Webs are to be prepared onto a sample mount and imaged on the Phenom G2 

scanning electron microscope. The image analysis software Image J will be used. First using 

the function measure, the scale from the SEM image is measured and the length in pixels is 

set to the length in microns(µm). Then the measure tool is used to individually measure the 

fiber size of 75 unique and random fibers from multiple samples of each material evaluated. 

3.2.5 Air Permeability 

 Air permeability is measured in accordance to the ASTM D 737 testing standard, 

using the TexTest Instruments Model FX3300 Lab Air testing machine. 

3.2.6 Moisture Vapor Transmission 

 Moisture vapor transmission rate is calculated according to the ASTM E96 testing 

standard using the upright cup water method. An apparatus shown in figure 3.2.6.1 was 

constructed to fit into an ESPEC temperature and humidity chamber.  
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The apparatus is a turntable, which rotates, in order to provide the airflow specified in 

the ASTM E96 standard. The turntable is designed to accommodate Thwing-Albert ez-cup 

vapometers (also pictured in figure 3.2.6.1) that are also compliant with the ASTM E96 

standard. The turntable is machined to hold and rotate the cups in either the upright cup or 

inverted cup method without obstruction of the fabric surface. 

  

Figure 3.1 Constructed apparatus for rotating Thwing-Albert EZ-cup 
vapometers in upright or inverted cup method, inside ESPEC temperature and 
humidity chamber 
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4 Chapter 4: Fabric Characterization Results 

4.1 Meltblown Web Characterization 

The	  meltblown	  webs	  were	  produced	  using	  the	  Biax	  Fiberfilm	  meltblowing	  line	  at	  

The	  Nonwovens	  Institute.	  Once	  the	  meltblown	  webs	  were	  produced	  according	  to	  the	  

design	  of	  experiment	  shown	  in	  Table	  3.1,	  each	  was	  characterized	  in	  the	  analytical	  

laboratory	  of	  The	  Nonwovens	  Institute.	  The	  meltblown	  thermoplastic	  elastomer	  webs	  

are	  soft	  in	  hand	  and	  feel	  gel-‐like	  in	  nature.	  They	  are	  easily	  stretched	  and	  recover	  almost	  

instantly.	  200	  yards	  of	  each	  fabric	  were	  produced.	  Some	  of	  the	  20	  inch	  wide	  rolls	  are	  

pictured	  in	  Figure	  4.1. 

 

Table 4.1 Throughput of Meltblown webs 

Throughput     
Sample BX-HYRS-1 BX-HYRS-5 BX-PX55-1 BX-PX55-6 
grams/hole/minute 0.157 0.170 0.203 0.178 
 

 

Table	  4.1 shows the throughput in grams per hole per minute as calculated from a 2-

minute sample weight. Samples BX-HYRS-1, BX-HYRS-2, and BX-HYRS-3 would all have 

the same throughput as they were produced under the exact same parameters, only changing 

the collection drum speed to manipulate basis weight. BX-HYRS-4, BX-HYRS-5, and BX-

HYRS-6 would also be the same. The difference between production of BX-HYRS-1 and 

BX-HYRS-5 is the alteration of through air pressure and the difference is minimal. 
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BX-PX55-1 will subsequently be the same as BX-PX55-2, and BX-PX55-3 for the 

same reason as the Hytrel webs, in that only the collection drum speed was changed. 

Additionally, BX-PX55-4, BX-PX55-5, and BX-PX55-6 are also only collection drum speed 

changes in production and share the throughput value. Finally, BX-PX55-1 and BX-PX55-6 

only differ by the change in through air pressure. It can be seen that the change in through air 

pressure is less than 15%, and also increasing through air pressure increased throughput for 

Hytrel while throughput decreased for Pebax with higher through air pressure.	  	  

 

 

	  

4.1.1 Basis Weight 

The basis weight was manipulated by altering the collection drum speed only. 

Throughput was constant for each polymer and the collector distance was 30 inches for the 

production of all meltblown webs produced in this trial. Actual basis weights produced 

Figure 4.1 Meltblown Pebax and Hytrel 
webs 
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during this trial are shown in Table	  4.2. The basis weight of each web was produced within 

two grams per square meter of the weight prescribed in the design of experiment. 

 

Table 4.2 Basis weight of produced meltblown webs 

Sample Polymer Through Air 
Pressure (PSI) 

Measured Basis 
Weight (GSM) 

BX-HYRS-1 Hytrel 8 15.25 
BX-HYRS-2 Hytrel 8 30.5 
BX-HYRS-3 Hytrel 8 50.5 
BX-HYRS-4 Hytrel 14 15.25 
BX-HYRS-5 Hytrel 14 30.25 
BX-HYRS-6 Hytrel 14 48.75 
BX-PX55-1 Pebax 8 15.25 
BX-PX55-2 Pebax 8 30 
BX-PX55-3 Pebax 8 48 
BX-PX55-4 Pebax 14 15.25 
BX-PX55-5 Pebax 14 30.25 
BX-PX55-6 Pebax 14 49.5 

 

4.1.2 Thickness 

The thickness of each web was measured in 10 random locations on samples from 

each web produced in the design of experiment. Because thickness was not a controlled 

variable in the design of experiment, it is influenced by the changes in basis weight and air 

pressure.  
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Table 4.3 Thickness of produced meltblown webs 

Sample  Polymer Through Air 
Pressure (PSI) 

Measured Thickness 
(mm) 

BX-HYRS-1 Hytrel 8 0.148 
BX-HYRS-2 Hytrel 8 0.214 
BX-HYRS-3 Hytrel 8 0.268 
BX-HYRS-4 Hytrel 14 0.128 
BX-HYRS-5 Hytrel 14 0.196 
BX-HYRS-6 Hytrel 14 0.24 
BX-PX55-1 Pebax 8 0.194 
BX-PX55-2 Pebax 8 0.302 
BX-PX55-3 Pebax 8 0.376 
BX-PX55-4 Pebax 14 0.172 
BX-PX55-5 Pebax 14 0.254 
BX-PX55-6 Pebax 14 0.354 

 

 As expected, thickness increases as basis weight increases, because of the decreased 

collection drum speed of higher basis weight samples. The decreased collection drum speed 

allows more of the polymer is accumulate per area and the fibers begin to stack up on 

themselves. The samples produced with high through air pressure yield thinner webs than 

those produced with low through air pressure as shown in Error! Reference source not 

found.. Webs produced using high through air pressure are thinner because the fibers are 

attenuated more as the polymer exits the die of the meltblowing line. This results in finer 

fibers and less material to stack upon.  



	  
	  

	  

33	  

	  

Figure 4.2 Thickness of Meltblown webs 

 

4.1.3 Solid Volume Fraction 

Solid Volume is calculated and shown in   
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Table	  4.4 and further discussed with Figure 4.3.  
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Table 4.4 Solid volume fraction of produced meltblown webs 

Sample  Polymer Polymer 
Density 
(g/cm3) 

Through 
Air 
Pressure 
(PSI) 

Measured 
Basis 
Weight 
(GSM) 

Measured 
Thickness 
(mm) 

Solid 
Volume 
Fraction 
(%) 

BX-HYRS-
1 

Hytrel 1.11 8 15.25 0.148 9.28 

BX-HYRS-
2 

Hytrel 1.11 8 30.5 0.214 12.84 

BX-HYRS-
3 

Hytrel 1.11 8 50.5 0.268 16.98 

BX-HYRS-
4 

Hytrel 1.11 14 15.25 0.128 10.73 

BX-HYRS-
5 

Hytrel 1.11 14 30.25 0.196 13.90 

BX-HYRS-
6 

Hytrel 1.11 14 48.75 0.24 18.30 

BX-PX55-1 Pebax 1.01 8 15.25 0.194 7.78 
BX-PX55-2 Pebax 1.01 8 30 0.302 9.84 
BX-PX55-3 Pebax 1.01 8 48 0.376 12.64 
BX-PX55-4 Pebax 1.01 14 15.25 0.172 8.78 
BX-PX55-5 Pebax 1.01 14 30.25 0.254 11.79 
BX-PX55-6 Pebax 1.01 14 49.5 0.354 13.84 
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Figure 4.3 Solid Volume Fraction of Meltblown Webs 

  

Solid volume increases with basis weight. Substantially increasing through air 

pressure shows minimal increase in solid volume fraction. While increasing basis weight, and 

subsequently thickness causes solid volume fraction to increase much more significantly. It 

can be seen that Hytrel produces a higher solid volume fraction than Pebax under the same 

conditions.  
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4.1.4 Air Permeability 

Table 4.5 Air permeability of produced meltblown webs 

Sample  Polymer Through Air 
Pressure (PSI) 

Air Permeability 
(ft3/ft2/min) 

Standard 
Error 

BX-HYRS-1 Hytrel 8 1076.67 3.333 
BX-HYRS-2 Hytrel 8 461.67 17.401 
BX-HYRS-3 Hytrel 8 265.67 2.728 
BX-HYRS-4 Hytrel 14 714.67 8.686 
BX-HYRS-5 Hytrel 14 282.00 3.215 
BX-HYRS-6 Hytrel 14 143.00 1.528 
BX-PX55-1 Pebax 8 1020.00 5.774 
BX-PX55-2 Pebax 8 462.67 4.096 
BX-PX55-3 Pebax 8 278.00 1.528 
BX-PX55-4 Pebax 14 725.00 18.175 
BX-PX55-5 Pebax 14 280.33 5.696 
BX-PX55-6 Pebax 14 169.00 4.163 

 

	  

Figure 4.4 Air Permeability of Meltblown webs 
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The air permeability of these thermoplastic elastomer meltblown webs decreases with 

an increase in basis weight. As Figure 4.3 has already shown the correlation between basis 

weight and solid volume fraction where through air pressure did not significantly affect solid 

volume fraction, Figure 4.4 shows a significant effect of through air pressure on the air 

permeability of these webs. As basis weight increases, the effects of through air pressure 

appear to decrease, but as a function of percentage change between high and low through air 

pressure, the effect actually increases. Table 4.5 shows that the air permeability of the 8 PSI 

through-air pressure webs are approximately 30-40% higher than the 14 PSI through-air 

pressure for the 15 gsm samples, and 60-80% higher for the 50 gsm samples.  While basis 

weight causes a much more substantial change in air permeability, through air pressure is 

also a strong influencer in air permeability. 
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Figure 4.5 Percentage difference in air permeability results 

 

Figure 4.5 also confirms that through-air pressure is a strong influence on air 

permeability while using solid volume fraction as a predictor for air permeability in 

thermoplastic elastomer meltblown webs. Because solid volume fraction is a factor 

calculated from; basis weight, thickness, and density of the fiber, the results are more 

indicative of the real structure-property relationship than basis weight alone. The air 

permeability of meltblown thermoplastic elastomer webs appears to decrease exponentially 

within this range of about 7-19% solid volume.  
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Figure 4.6 Air Permeability and Solid Volume Fraction of Meltblown Webs 

	  

4.1.5 Fiber Size 

Determining average fiber diameter or fiber size is important in understanding why 

solid volume is varied among the samples. By manipulating the through-air pressure, the 

fiber size should be affected  
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Table 4.6 Fiber size of produced meltblown webs 

Sample  Polymer Through 
Air 
Pressure 
(PSI) 

Measured 
Basis 
Weight 
(GSM) 

Fiber 
Diameter 
(µm) 

Standard 
Error 

BX-HYRS-
1 

Hytrel 8 15.25 
13.37 0.340 

BX-HYRS-
2 

Hytrel 8 30.5 
13.37 0.390 

BX-HYRS-
3 

Hytrel 8 50.5 
12.52 0.350 

BX-HYRS-
4 

Hytrel 14 15.25 
10.70 0.376 

BX-HYRS-
5 

Hytrel 14 30.25 
10.59 0.442 

BX-HYRS-
6 

Hytrel 14 48.75 
9.45 0.401 

BX-PX55-1 Pebax 8 15.25 14.37 0.307 
BX-PX55-2 Pebax 8 30 13.90 0.264 
BX-PX55-3 Pebax 8 48 14.71 0.273 
BX-PX55-4 Pebax 14 15.25 11.78 0.292 
BX-PX55-5 Pebax 14 30.25 10.44 0.301 
BX-PX55-6 Pebax 14 49.5 10.56 0.307 
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Figure 4.7 Fiber Size of Meltblown Webs 

	  

Fiber size is shown to be nearly independent of basis weight and only slightly 

affected by the significant increase in through air pressure used in the production of 

meltblown thermoplastic elastomer webs.  

4.2 Laminates of Meltblown Webs Between Layers of Release Paper 

Each of the meltblown webs was laminated using the Klieverik lamination line at The 

Nonwovens Institute’s Fiber Science Laboratory. The webs were laminated between layers of 

release paper according to the design of experiment in Table	  3.2. The release paper was 

removed and each sample was imaged using a Phenom G2 scanning electron microscope.  
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4.2.1 SEM Imaging 

Figure	  4.8 shows a 50 gram per square meter web of Hytrel produced with 8 PSI of 

through air pressure. Laminated at 190 C° and the standard conditions for all webs in this 

experiment (60 PSI of pressure, 2 meters per minute). This sample was laminated at the 

melting temperature and it can be seen that the web does melt and flatten, however, it is not 

yet transformed into a film or membrane. Individual fibers from the original web are still 

visible and layered. Some pores are generated of random size, quantity, and distribution. 

Because the fibers are flattened, the pressure applied during lamination is at an acceptable 

level.  The visibility of the original structure indicates that not enough thermal energy was 

provided to convert the meltblown web into a film, and will require higher temperature or 

longer dwell time. 

 

 

Figure 4.8 SEM Images of BX-HYRS-3 laminated at 190 C° after removal from release paper 
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Figure	  4.9 also shows a 50 gram per square meter Hytrel web, but was produced 

using 14 PSI of through air pressure. This web was laminated with release paper  under the 

same conditions as the web pictured in Figure	  4.8 (190 C°, 60 PSI, 2m/min). This web did 

not melt and has no significant signs of compression or alteration. This could be caused by 

the high through air pressure (14 PSI) generating finer and potentially more crystalline webs. 

The finer fibers could also potentially dissipate heat more rapidly due to the increased surface 

area. 

 

 

Figure 4.9 SEM Images of BX-HYRS-6 laminated at 190 C° after removal from release paper 

 

Figure	  4.10 is the same web as pictured in Figure	  4.9, only laminated at 195 C°. The 

web in Figure	  4.10 does however appear to be melted and compressed. The areas in the web 

will less fiber have created a more pore-like structure, but are substantially larger than would 
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be desirable for a barrier fabric. In these conditions, we do see the transition from a 

traditional fiber web, almost into a porous film. 

 

Figure 4.10 SEM Images of BX-HYRS-6 laminated at 195 C° after removal from release paper 

 

Figure	  4.11 is again the same web from Figure	  4.10 and Figure	  4.9, laminated at 

200 C°. It can be seen that the increased thermal energy has now almost completely melted 

the web into a film or membrane-like structure containing small pores measuring between 50 

to 100 microns. However the number of pores are limited and non-uniform. 
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Figure 4.11 SEM Images of BX-HYRS-6 laminated at 200 C° after removal from release paper 

 

A 50 gram per square meter Pebax web produced with high through air pressure was 

not melted by 155 C° on the laminator. Some compression of the surface fibers is visible but 

minimal as seen in Figure	  4.12.  
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Figure 4.12 SEM Images of BX-PX55-6 laminated at 155 C° after removal from release paper 

  

Laminating a 50 gram per square meter Pebax web at 160 C° did provide the energy 

required to melt the fibers. The fibers on the surface are completely melted, but the full 

thickness of the web is not melted, leaving a complex fiber system of pores and channels 

through the interior of the web. Some open pores are greater than 100 microns in size, 

limiting the effectiveness of the laminated web as a barrier fabric. The structure of this web is 

similar to the 50 gram per square meter Hytrel web also produced with high through air 

pressure and laminated at 195 C°, just above the melting point of the polymer shown in 

Figure	  4.10. Both of these webs prove that making a membrane-like structure from the 

nonwovens is possible under controlled conditions. Providing meltblown webs with finer 

fibers, and more uniform structures will help in providing more predictable and consistent 

pore sizes and arrangements.  
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 The structure of Figure	  4.13 suggests a potentially viable new structure that could be 

refined and used in waterproof breathable materials. The melted and small pore surface 

would act as a membrane with the interior of the web never melted, leaving a large volume 

cavity that will hold a large amount of moisture vapor as well as provide thermal insulation. 

 

 

Figure 4.13 SEM Images of BX-PX55-6 laminated at 160 C° after removal from release paper 

  

Finally the 50 gram per square meter Pebax web was laminated at 180 C°. Figure	  

4.14 shows that at a temperature well above the melting point, a full film is formed with 

almost no pores. An excess of thermal energy fully collapses the web and forms a film. 
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Figure 4.14 SEM Images of BX-PX55-6 laminated at 180 C° after removal from release paper 

 

4.3  Laminates of Meltblown Webs Between Layers of Lightweight Woven Fabrics 

Laminates were produced using the Klieverik laminator at The Nonwovens Institute. 

Each web from the meltblowing design of experiment in Table	  3.1 was created into a 

laminate according to Table	  3.3. Pebax webs are laminated between layers of lightweight 

nylon woven fabric provided by the NCSU College of textiles weaving lab and Hytrel webs 

are laminated between layers of lightweight polyester woven fabric produced by true timber.  

4.3.1 Basis Weight 

Basis weight did not increase exactly with the increase in web basis weight likely due 

to some melt flow and compression during lamination. As seen in Table	  4.7 and Table	  4.8, 

the basis weight does increase very near to the increase in basis weight in samples ending in -

1 (15gsm webs) through samples ending in -3 (50gsm webs) and likewise samples ending in 
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-4 (15gsm webs) through -6 (50 gsm webs). Some variation is likely due to the melting of the 

meltblown thermoplastic elastomer web and expanding in area due to compression. 

Measurement of basis weight was done excluding any areas of major creasing or stretching 

caused by the hand lay up of the composite fabrics being fed into the laminator. 

 

Table 4.7 Basis weight of Pebax composite fabrics in Grams per Square Meter 

Lamination 
Temperature 
(C°) 

BX-PX55-
1 

BX-PX55-
2 

BX-PX55-
3 

BX-PX55-
4 

BX-PX55-
5 

BX-PX55-
6 

180 137.00 149.33 171.67 136.33 153.33 173.67 
185 143.00 164.00 174.33 139.00 155.33 173.67 
190 139.33 156.33 168.33 137.00 152.67 172.67 
 

Table 4.8 Basis weight of Hytrel composite fabrics in Grams per Square Meter 

Lamination 
Temperature 
(C°) 

BX-hyRS-
1 

BX-hyRS-
2 

BX-hyRS-
3 

BX-hyRS-
4 

BX-hyRS-
5 

BX-hyRS-
6 

190 191.00 185.67 209.67 170.00 183.67 200.67 
195 171.00 188.67 207.00 169.67 184.67 202.67 
200 168.33 186.00 207.33 172.33 184.67 203.67 
 

 

4.3.2 Thickness 

Thickness of the laminated composite fabrics did not follow any trends increases in 

web basis weight show both increases and decreases at different temperatures. Despite the 

addition of two woven layers, the thickness actually decreases or remains nearly the same for 

samples made with 50 gram per square meter webs. This may indicate that most of the web 



	  
	  

	  

51	  

structure is melted into the woven structures open space and that the resulting thickness is 

actually just the two layers of woven fabric. 

 

Table 4.9 Thickness of Pebax composite fabrics in millimeters (mm) 

Lamination 
Temperature 
(C°) 

BX-PX55-
1 

BX-PX55-
2 

BX-PX55-
3 

BX-PX55-
4 

BX-PX55-
5 

BX-PX55-
6 

180 0.314 0.308 0.342 0.282 0.282 0.284 
185 0.268 0.314 0.322 0.306 0.308 0.326 
190 0.318 0.308 0.29 0.28 0.29 0.3 
 

Table 4.10 Thickness of Hytrel composite fabrics in millimeters (mm) 

Lamination 
Temperature 
(C°) 

BX-hyRS-
1 

BX-hyRS-
2 

BX-hyRS-
3 

BX-hyRS-
4 

BX-hyRS-
5 

BX-hyRS-
6 

190 0.282 0.26 0.286 0.25 0.264 0.28 
195 0.244 0.258 0.268 0.24 0.242 0.258 
200 0.242 0.244 0.246 0.256 0.256 0.244 
 

4.3.3 Solid Volume Fraction 

Solid	  volume	  fraction	  of	  the	  laminates	  is	  about	  2-‐3	  times	  the	  solid	  volume	  fraction	  of	  
webs	  alone.	  Table	  8.1and	  Table	  8.2	  show	  the	  solid	  volume	  fraction	  for	  each	  composite	  
fabrics	  made.	    
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Table	  8.4	  shows	  that	  a	  trend	  is	  fairly	  visible	  between	  basis	  weight	  and	  solid	  

volume	  fraction,	  even	  in	  the	  laminated	  composite	  form.	  	  Sample data was collected 

measuring the weight of each cup every 24 hours for 96 hours. Including the initial data 

point, this provides 5 total data points for each sample. Because three replicates of each 

sample were tested, the samples could all not be tested at the same time. Half of the samples 

were tested, and the experiment was repeated the next week with the remaining samples. 

Care was taken to ensure repetition of the first weeks procedure, equipment was not changed, 

and distilled water came from the same jug. Composite webs having the highest basis 

weights and lowest air permeability were tested for MVTR based on comparable air 

permeability results with a proprietary state of the art waterproof breathable fabric produced 

by The North Face. With the sample selection, change in lamination temperatures will be 

able to be compared, as well as the change in polymer, and change in through air pressure. 

The waterproof breathable The North Face laminate was also tested for MVTR to provide a 

relatable result, tested in the same lab, equipment, and environment at the same time and will 

appear in figures and data coded as TNF. 
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Figure 4.15 Solid Volume Fraction of Pebax Composites 
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Figure 4.16 Solid Volume Fraction of Hytrel Composites 

 

The lamination process however does introduce some potential for human error. The 

15 and 50 gram per square meter webs produced with 8PSI Hytrel web laminated at 190 C° 

and have significantly greater solid volume as compared to the exact same combination of 

fabrics laminated at 195 C° and 200 C°. One consideration is that the exhaust air from the 

laminator has some turbulence over the machine, which can affect these lightweight 

composite hand lay-ups as they enter the pressure rollers of the laminator. Some samples that 

were produced were rejected or excluded best as possible from testing due to creasing of both 

the web inside of the composites as well as creases in the woven preventing proper full flat 

surface adhesion to the meltblown thermoplastic layer. Excessive woven fabric creased over 



	  
	  

	  

55	  

makes spots where there are 4 layers of woven fabric in some areas, and can manipulate the 

basis weight and also solid volume fraction significantly.  

4.3.4 Air Permeability 

Table 4.11 Air Permeability of Pebax composite fabrics as ft3/ft2/min 

Air Permeability 
(ft3/ft2/min) 

Lamination 
Temperature (C°)   

Sample 180 185 190 
PX1 46.6 37.2 40.5 
PX2 14.6 17.5 12.9 
PX3 0.3 0.222 0.272 
PX4 42.4 42 42.5 
PX5 14.7 16.8 17.1 
PX6 0.197 0.161 0.161 
 

Table 4.12 Air Permeability of Hytrel composite fabrics as ft3/ft2/min 

Air Permeability 
(ft3/ft2/min) 

Lamination 
Temperature (C°)   

Sample 190 195 200 
HY1 3.7 8.96 9.33 
HY2 2.97 2 0.975 
HY3 0.465 <Minimum <Minimum 
HY4 9.39 8.57 10.2 
HY5 3.03 1.22 0.881 
HY6 0.327 <Minimum <Minimum 
 

4.3.5 Moisture Vapor Transmission Rate 

Composites were tested in the The Nonwovens Institute filtration lab located 

according to the ASTM E96 standard test method of water vapor transmission of materials.  

The samples were prepared using Thwing-Albert EZ Cup Vapometers. Samples were cut 

using a 2.9375inch diameter circular die. It was also important to cut the samples ensuring 

that there were no creases or folds in the woven fabrics that would cause variation in testing. 
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 The cup holds each sample and the top is screwed on with neoprene gaskets on either 

side of the sample to ensure a tight seal to prevent excess moisture evaporation around the 

sample. The exposed sample has a diameter of 2.5 inches, complying with the ASTM 

standard. The upright water method was used for this experiment so that water is not in 

contact with the sample. 

 

 

 Figure 4.17 shows the EZ Cup Vapometer on the right with the lower neoprene 

gaskets, the upper neoprene gaskets in the center, and screw top on the left. Proper assembly 

of these parts ensures that moisture vapor must pass through the test sample into the ambient 

environment. Figure 4.18 shows the samples prepared and sealed into each cup which is 

numerically serialized to ensure samples are not mixed because the initial amount of water is 

slightly different in each cup. Three replicates of each sample were prepared and tested in 

order to normalize the results and identify potential issues or causes in variation. 

Figure 4.17 EZ Cup Vapometers 
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Figure 4.18 Turntable Apparatus 
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In order to comply with the ASTM E96 standard, an air-flow must pass over the 

surface of each sample between 0.066ft and 1ft per second. Figure 4.18 is a turntable 

apparatus constructed in house specifically for the EZ Cups to be used in the upright or 

inverted method of the ASTM E96 standard. Below the cups resting on the turntable is a 

small electric gear-motor that spins the turntable at 5 revolutions per minute.  

The cups are arranged circularly around the center point of the turntable with a radius 

of about 6 inches. Each revolution is approximately 3 feet of travel, and with 5 revolution per 

minute gives 0.25 feet per second of movement and air flowing over the samples. This puts 

the air speed well within the limits set by the ASTM E96 standard.  The turntable apparatus is 

operated inside of an Espec climatic chamber as shown in Figure 4.19 and power was run 

into the chamber through a porthole on the left side. A special fitting was produced to seal 

the open porthole with the power cord running into the Espec chamber. This fitting prevents 

unnecessary variation in the maintained temperature and humidity levels of 23 C° and 50 +/- 

2% relative humidity. 
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Figure 4.19 ASTM E96 Testing in Progress 

 

Each sample was weighed using an analytical balance to the nearest thousandth of a 

gram. Weight of each cup was measured at the start of the experiment, and every 24 hours 

within 15 minutes. It was important to keep the testing chamber door closed as much as 

possible to prevent long periods of variation in temperature and humidity. Measurements 

were made as quickly as possible without sacrificing accuracy and samples were never out 

for weighing for more than 5 minutes. Another concern is to ensure that the water in the cup 

does not splash into the sample while moving the sample to the balance. An initial trial of the 

testing equipment showed distinct changes in samples that became wetted as compared with 

samples that were not. Since the sample seals the water in, it is difficult to tell if the water 

has come into contact with the sample. The ASTM testing standard does specify that the 
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initial water level be within 0.25 inches of the sample to prevent variation due to the vapor 

resistance of the thin air layer. 

Sample data was collected measuring the weight of each cup every 24 hours for 96 

hours. Including the initial data point, this provides 5 total data points for each sample. 

Because three replicates of each sample were tested, the samples could all not be tested at the 

same time. Half of the samples were tested, and the experiment was repeated the next week 

with the remaining samples. Care was taken to ensure repetition of the first weeks procedure, 

equipment was not changed, and distilled water came from the same jug. Composite webs 

having the highest basis weights and lowest air permeability were tested for MVTR based on 

comparable air permeability results with a proprietary state of the art waterproof breathable 

fabric produced by The North Face. With the sample selection, change in lamination 

temperatures will be able to be compared, as well as the change in polymer, and change in 

through air pressure. The waterproof breathable The North Face laminate was also tested for 

MVTR to provide a relatable result, tested in the same lab, equipment, and environment at 

the same time and will appear in figures and data coded as TNF. 
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Figure 4.20 ASTM E96 cup weights over time 

 

Samples were weighted each day for four days and the results are plotted and shown 

in Figure	  4.20. With 5 data points the results appear strongly linear, this indicates a constant 

rate of moisture vapor transmission.  A control sample was also tested as a “dummy 

specimen” as recommended in the ASTM E96 standard, this sample was also a linear weight 

loss until the final measurement because the water in the cup had totally evaporated having 

had no resistance to pass through. The weight of the cup on the last day was subtracted from 

the initial weight to calculate total change in weight per the sample test surface area for 96 
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hours, then divided by 4 to get the weight of moisture transmitted through the fabric per 24 

hours. The final conversion requires converting the sample test area of 4.909in2 to its 

equivalent in m2, which is 0.00317m2. These results are presented in Figure	  4.21.  

 

Figure 4.21 Moisture Vapor Transmission Rate of Meltblown Composites 

 

Laminated composites that were produced at a temperature high above the melting 

point performed the lowest, likely because enough flow of the polymer occurred to create a 

film with very few pores based on what was seen when laminating the webs at various 

temperatures to release paper. The state of the art waterproof breathable fabric from The 

North Face did outperform all samples by a great deal because of the complex and optimized 

pore structure of ePTFE. 
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Figure 4.22 Effect of Lamination Temperature on MVTR 

 

 

Figure 4.23 Solid Volume of Composites effect on MVTR 

 



	  
	  

	  

64	  

    

Figure 4.24 Air Permeability and MVTR of Composites at different lamination temperatures 
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5 Chapter 5: Conclusion 

5.1 Web relationships 

5.1.1 Process-Structure Relationships 

5.1.1.1 Through Air Pressure 

Through air pressure was determined to affect the thickness, fiber size, and 

subsequently solid volume fraction of the meltblown thermoplastic nonwovens. An increase 

in through air pressure resulted in smaller fiber size. The attenuation of the fibers occur more 

quickly due to the high pressure at the die orifice, subsequently resulting in fibers with a 

smaller diameter. An increase in through air pressure also resulted in a slight decrease in web 

thickness, in part because of the smaller fiber diameter. Because the through-air increase 

caused a decrease in thickness among webs with the same basis weight, the solid volume 

fraction was also increased.  

5.1.1.2 Basis Weight 

As basis weight was increased, the thickness of the web was also increased as well as 

the solid volume fraction. The basis weight was increased only by slowing the collection 

drum speed of the biax-fiberfilm meltblowing line. Slowing the collection drum results in 

more material accumulating per area and at higher density. 
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5.1.2 Structure-Property Relationships 

5.1.2.1 Solid Volume Fraction 

Solid volume fraction has been shown as a strong factor in affecting the air 

permeability of nonwovens. This experiment shows that the meltblown thermoplastic 

elastomers lose a great deal of air permeability when solid volume fraction is increased from 

about 5% to about 20%. Air permeability values of a meltblown TPE web having a solid 

volume of nearly 20% has an air permeability less than one fifth that compared to a 

meltblown TPE web having only about 5% solid volume. 

5.1.2.2 Fiber Size 

The variation in fiber size caused by the significant increase in through air was not 

significant and no major effect could be seen on the connection between fiber size and air 

permeability within the meltblown TPE webs produced in this experiment. 

5.2 Release paper laminate structure changes 

 Creating membrane-like structures from meltblown nonwovens is possible given the 

proper thermal and mechanical energy from laminator temperature and pressure. The pore 

structures are most ideal very near to the melting point. Lamination at the melting point or 

only very slightly above the melting point shows the transition from web to film.  
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5.3 Composite structure property relationships 

5.3.1 SVF 

It was found that solid volume fraction of the composite fabrics were most affected 

by the basis weight of the meltblown webs. Lamination temperature did not have a strong 

consistent relation to the resulting solid volume. The solid volume has a great effect on the 

air permeability of the meltblown composite laminates. 

5.3.2 Air Permeability and MVTR 

Air permeability of the structures did not correlate directly with the MVTR of 

meltblown composite laminates. The Lamination temperature is related to the air 

permeability, as lamination temperature increases, the air permeability decreases. As 

lamination temperature increases the MVTR also increases up to a point just above the 

melting temperature where it begins to decease. This is likely due to the collapse of the pore 

structure and creation of a solid film with few or no pores. 
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6 Chapter 6: Recommendations for Future Work 

6.1 Web production 

Creating meltblown TPE webs with smaller fibers would allow a more significant 

increase in solid volume and noticeable decrease in air permeability. When laminated these 

smaller fibers will more likely create more pores than the webs created in this experiment. 

The arrangement and uniformity would also be better on webs with smaller fibers and higher 

solid volume fraction. The solid volume fraction cannot be so high as to prevent air 

permeability and moisture vapor transmission, but could be increased significantly for the 

webs. It could be possible that the relationship between web solid volume and laminate solid 

volume is actually more dependent on the lamination process parameters than of the original 

web. Increasing development of new moisture vapor grades of Hytrel and Pebax could 

possibly be produced by meltblowing but will also struggle to produce fine fibers due to the 

low melt flow rate and high viscosity.  

6.2 Lamination 

 Using what was learned about the effect of temperature on the laminated structure; 

altering the dwell time/machine speed or pressure could identify a set of process parameter 

that best create a pore structure without over-melting the web into a non-porous film. 

Slowing the machine speed from 2 meters per minute to 1.5 or 1 meter per minute may show 

a better pore structure with more uniform pore sizes. The effect of solid volume and porosity 

on air permeability and MVTR is very significant and further understanding of the transition 

that the lamination process causes is needed.  
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6.3 Composites 

A better understanding of the lamination effects on fiber web to membrane/film 

structure should be investigated prior to further composites research. Once the membrane 

pore structure is idealized with better pore size and greater number of pores, forming 

composites with the same lamination procedure will provide insight into the possibility of 

product development for commercial production.  
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8 Appendix  

8.1  SEM Images of Meltblown TPE Webs 

 

Figure 8.1 SEM Image of BX-HYRS-1 (left) and BX-HYRS-2 (right) 

 

 

Figure 8.2 SEM Image of BX-HYRS-3 (left) and BX-HYRS-4 (right) 
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Figure 8.3 SEM Image of BX-HYRS-5 (left) and BX-HYRS-6 (right) 

 

 

Figure 8.4 SEM Image of BX-PX55-1 (left) and BX-PX55-2 (right) 
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Figure 8.5 SEM Image of BX-PX55-3 (left) and BX-PX55-4 (right) 

 

 

Figure 8.6 SEM Image of BX-PX55-5 (left) and BX-PX55-6 (right) 
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8.2 Composite Fabric Data Tables 

Table 8.1 Solid Volume Fraction of Pebax composite fabrics as % Solid Volume 

Lamination 
Temperature 
(C°) 

BX-PX55-
1 

BX-PX55-
2 

BX-PX55-
3 

BX-PX55-
4 

BX-PX55-
5 

BX-PX55-
6 

180 42.59 45.54 58.13 38.07 42.81 48.83 
185 37.94 50.99 55.58 42.11 47.37 56.05 
190 43.87 47.67 48.33 37.98 43.83 51.29 
 

Table 8.2 Solid Volume Fraction of Hytrel composite fabrics as % Solid Volume 

Lamination 
Temperature 
(C°) 

BX-hyRS-
1 

BX-hyRS-
2 

BX-hyRS-
3 

BX-hyRS-
4 

BX-hyRS-
5 

BX-hyRS-
6 

190 48.52 43.49 57.62 38.29 43.68 50.62 
195 37.59 43.85 49.98 36.68 40.26 47.11 
200 36.70 40.89 45.95 39.75 42.59 44.77 
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Table 8.3 ASTM E96 cup weight over time week 1 

ASTM E96 
Cup weight 
(g)  

Time in 
Hours (h) 

     

Sample 0h 24h 48h 70h 94h 

Total 
water 
loss (g) 

BX-HYRS-3 
190 256.393 254.335 252.343 250.367 248.448 7.945 
BX-HYRS-3 
190 256.449 254.489 252.5 250.613 248.915 7.534 
BX-HYRS-3 
190 263.193 261.05 258.969 256.902 254.826 8.367 
BX-HYRS-3 
195 258.795 257.793 256.848 255.788 254.55 4.245 
BX-HYRS-3 
195 252.144 250.964 249.807 248.651 247.681 4.463 
BX-HYRS-3 
195 252.699 251.24 249.729 248.333 246.574 6.125 
BX-HYRS-3 
200 263.158 262.376 261.595 260.82 259.656 3.502 
BX-HYRS-3 
200 252.708 251.936 251.154 250.412 249.29 3.418 
BX-HYRS-3 
200 258.407 257.616 256.841 256.08 255.388 3.019 
BX-PX55-6 
185 256.382 255.783 255.169 254.578 253.995 2.387 
BX-PX55-6 
185 265.26 264.706 264.209 263.723 263.23 2.03 
BX-PX55-6 
185 265.878 265.395 264.973 264.566 263.739 2.139 
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Table 8.4 ASTM E96 Cup weight over time week 2 

ASTM 
E96 Cup 
weight (g)  

Time in 
Hours (h) 

     

Sample 0h 24h 48h 70h 94h 
Total water 
loss (g) 

North Face 279.875 276.105 272.492 269.106 265.924 13.951 
North Face 281.532 277.656 274.104 270.722 267.518 14.014 
North Face 287.8 283.554 279.551 275.854 272.279 15.521 
BX-
HYRS-5 
195 273.116 270.071 267.24 264.416 261.75 11.366 
BX-
HYRS-5 
195 282.128 278.343 274.744 271.358 268.075 14.053 
BX-
HYRS-5 
195 278.968 275.939 272.983 270.204 267.458 11.51 
BX-
HYRS-6 
195 280.777 279.473 278.271 277.129 275.88 4.897 
BX-
HYRS-6 
195 274.982 273.594 272.312 271.095 269.831 5.151 
BX-
HYRS-6 
195 279.163 277.676 276.822 275.995 275.131 4.032 
Control 282.247 244.248 206.657 172.633 155.17* 127.077* 
 

 


