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Abstract

Rigid spray foam insulation is widely used as wall insulatioooimstruction industry. Replacing
synthetic polyether and polyester polyols with bio-based polyol and usibey \&as blowing
agent, would provide eco-friendly spray foam which is good for the eammient and make
buildings a safer place to live. The objectives of this work werproduce sustainable spray
polyurethane foam insulation from soy-based polyol, derived froncwgral product and
enhance its properties by incorporation of wood and cellulose fibeos\sarmoer forest product.
The composite foam systems and the neat foam prepared mahiger were evaluated in terms
of their thermo-mechanical properties, morphological charactenzaind also their resistance

contribution to overall structural integrity of the buildings against naturalr $beces.

Wood fiber and cellulose fiber were incorporated as reinforcemeioaming in three stages,
13php, 26php, and 40php. The fiber size, dispersion and concentration within theaffedted

the reinforcing quality. The interactions and the effects of finecomposite foams were
observed at cellular level by Fourier transform infrared arahrsing electron microscopy to

evaluate their performances. The results indicated incorporatibheofhad an impact on the
i



cell morphology of the composite foam system as compared to thabeorfdam. The cell

structure became more uniform while cell density was inecegsoportionate to the fiber
concentration. Resin found to be compatible with fiber at interfasgshe viscosity of matrix
polymer increased with addition of fiber. The viscosity increaas 20% under 26php fiber
concentration. The thermo-mechanical properties of the composite ysé@ms were improved
to some extent at lower fiber concentration, under 26php, due to Igsstimf viscosity.

Cellulose fiber performed better as reinforcement than that of viibed due to superior

compatibility, higher strength and better fiber quality.
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CHAPTER 1.0

General Introduction



1.1  Background

Polyurethanes were developed by Bayer Company around the year 1886.dtsuccess story
and formed the basis for a multi-billion dollar business in the watthyt [1]. Since then
manufacturers and pioneers of polyurethane tried to apply a mordifeciapproach to that

research work but in spite of many discoveries there has been little changerigitta work.

Polyurethane (PU) foams are widely used in different appbiestdepending on its category
such as flexible, semi-rigid and rigid foaming. They are masgtbd in transportation, furniture,
and construction industries. Spray polyurethane foam (SPF) is o €urrently used as wall
insulation in residential and commercial buildings. It is an &ffedhermal insulation material
due to its ability to reduce the heat loss through walls and s&vgyefor home owners. It is an
excellent air/moisture barrier because of its superior adhesivalt frame. Spray Polyurethane
foam insulation has two components, component ‘A’ as isocyanate and consptieat
polyol. They come together at the nozzle of a gun and spray on thdtwealbands many times

of its volume and solidifies in seconds sealing the wall.

Most commercial polyols used in SPF insulations are polyether or polyester mtdyigksd from
petro-chemicals. Rigid foams manufacturers use approximatebjllio® pounds of polyols out
of total 2.6 billion pounds of annual production in North America [2]. In regeatrs high
petroleum prices along with sustainability of resources havepisahthe researchers to look for
alternative renewable resources to produce eco-friendly insulabeam fto be used in

construction.

1.2 Literature review

Rigid and flexible polyurethane foam
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Polyurethanes have a wide variety of commercial applicationsy Bre seen everywhere in
furniture, packaging, automobile, footwear, and as insulation in construetiastry and their

consumptions are increasing day by day in the world.

Polyurethane is a polymer formed by the reaction of a polytt wio or more hydroxyl
functional groups per molecule with an isocyanate that has more tigareactive isocyanate
group per molecule (diisocyanate). The main raw material of @woiah diol polyols such as
ethylene glycol and propylene oxide are derived from petroicda® products that are not
sustainable and facing challenges due to the environment issoesieg&t the increasing
polyurethane demand, researchers are continuously searching foatalte natural resources

that are renewable, less costly and more ecofriendly for production of polyols.

The bio-polyols synthetized from vegetable oils such as soybedbagiler oil, and palm oil are
attractive alternatives for this purpose and has drawn considetsdattion [3]. These vegetable
oils must however, be chemically modified to introduce hydroxyl grongheir structure for
formation of polyols. Castor and palm are relatively expensive ablgetils to produce in North
America but soybean oil has been widely explored for polyol syisth®g polyurethane
manufacturers. In addition to being abundant and inexpensive soybeahighlisunsaturated
oil and its unsaturation number is higher than other vegetable oils. The average oiudaliie

bonds per molecule is about 4.6 and makes it a good candidate for polyol production.

Dr. Ramani Narayan, a pioneer in this field, produced differenéstypf biopolyols from
vegetable oils and lipids. In one attempt he synthesized high-walumolecular weight polyol
using protein obtained from microalgae. Microalgae are used asab#tafeedstock to produce
biofuels. This polyol was supplemented (up to 5%) with other bio-based pttyqsoduce

polyurethanes with improved properties [4], but fiber was not used in this project.



4
In another attempt Tran P, Graiver D, and Ramani N, synthesmegbosites from natural
biofibers such as kenaf with chemically modified soybean oil witlsogiplementing the soy
matrix with other bio-based polyols. He prepared the compositestivdtibombination of two
soy-based polyols in presence of treated kenaf fibers with theohelMD cross-linking amine
catalyst to enhance cross-linking in the matrix. The mechapiogkrties of the composite have
been enhanced and attributed to the use of HMD as the right icrlomstb improve fiber/matrix

adhesion [5].

Four major companies are global players in natural oil polyols prioducCargill with
headquarter in Minnesota manufactures BiOH Polyols from soybeansCbewmical based in
Michigan produces Renuva family of polyols, also from soybean &EMBin Michigan and

Bayer in Pennsylvania both produce castor oil-based polyols.

Currently, petro-chemical polyols are partially blended with lsayed polyols to produce
polyurethane foam for automotive, furniture and adhesives. Ford Motor @gnas been a
pioneer in researching bio-based foams for use in automobile body andriptarts. The soy-
based foam is currently in foam seats of every 2014 Ford velpg}leResearchers continue to
produce foams with soy based blended polyols to characterize thelramical properties to

prove they are appropriate for other industrial applications [7].

Polyurethanes are unique polymer materials with variety ofipddyand chemical properties but
they have also disadvantages, such as low thermal stability andammead strength. To
overcome these disadvantages, a great deal of research has bated ttevncorporation of
natural fibers and clay as reinforcement in recent yearseXample, Silva et al used industrial
residue of cellulose pulp fiber at low concentration as filldloaming and reported decreasing

thermal conductivity and cell size reduction in fiber foam sysi@mLuo X et al embedded
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refined wood pulp as reinforcement in foaming using soy-based armtipemical polyols. The
study exhibited improvement in compressive strength but reduction in daulkity of the
composite foam as compared to the pure foam [9]. Cao X et al inatggariay in polyurethane
foam and demonstrated that presence of clay increased therety dad reduced the cell size
and also some improvement in compressive strength as compared ta hoaibg10]. Banik et
al added cellulose fiber in soy-based polyurethane foam and obsemhadcement in bulk
density and urethanes formation [11]. Racz et al reinforced ptianme foam with wood flour
and showed that the strength and modulus of the composite foam improvdibe&ritbontent
[12]. Yuan et al developed wood-polyurethane composite of up to 20php fiberrandsteated
that presence of fiber improved the compressive properties of tlyargthane foam but
decreased its tensile properties. The thermal stabilitieotomposite foam was also enhanced

[13].

Spray Foam Insulation

Spray foam insulation originally was developed to be used in ryilggplanes in 1940s [14].

Then it was started to be used as insulation in residential buildng®70s. It was soon

discovered that the isocyanate one of the main component of SP&tawdc substance, causing
health problems. The government authorities restricted the usageFoinSulation in homes.

Manufacturers of PU foams did an extensive research and modibegarsate to a safer

substance so that it could be used again. Once more its usaigenvatted in homes around the

year 2004, due to energy savings for home owners.

Spray foam insulation (SPF) is rigid foam used in building construcs an alternative to

traditional fiberglass insulation. It is different compared teeptigpes of rigid foams because its
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foaming reactions are faster and it sets quicker. It igivelg a new technology gaining

popularity for sealing the wall cavities providing effective thermallatson.

As sustainability and green permeated almost every industry, peegie to like low-energy
homes that are more comfortable and affordable to operate. ThéEguoilHousing Initiatives
led by Canada Mortgage and Housing Corporation (CMHC) promoted sucls hloateeduces
energy demand and utilizes renewable materials in housing [15uradNaBciences and
Engineering Research Council of Canada—Industrial Research QYW&ERC-IRC) is providing
leadership in improving performance standards in promoting and encounagingl and

sustainable products through funding such as this research project.

National Research Council of Canada — Institute for Researclonsti@ction (NRC-IRC) in
collaboration with SPF producers and contractors conducted a studyetmide the energy
rating of SPF insulated walls [16]. This would take into accouneffext of air leakage and
thermal transmission characteristics of SPF walls. The indwsas promoting SPF as an
effective air barrier system in addition to its thermal ingotacharacteristics. To address this
issue NRC-IRC constructed walls with SPF and fiber glasss kmattl performed thermal
resistance and air leakage standard tests according to ASH#8 Giznd ASTM E-283
respectively. It was concluded that there was little or nteakages flow for SPF walls whereas

there was air leakage through fiber glass walls.

The U.S. Department of Agriculture is implementing a BioPreteprogram to promote the
increased purchase and use of biobased products [17]. It state$Thlaprogram spurs
economic development -- creating new jobs and providing new mddiefisrm commaodities.

The increased development, purchase, and use of biobased products redNat@aols reliance
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on petroleum, increase the use of renewable agriculture resoameésmay contribute to

reducing adverse environmental and health impacts”.

Although there were few studies in literature regarding the ubtentled soy-based polyol and
use of fiber as reinforcement in flexible and rigid foaming, twacept of developing
biocomposite spray foam has not been studied to date and remain ueexgdlbe above
research papers [8-13] demonstrated that there was improvenfeatrirproperties when fiber
was introduced. Therefore, the development of a novel method to producesiiierced
biocomposite spray foam insulation seemed to be promising. As nflbaral are rich in —OH
groups and can potentially react with -NCO groups of isocyanate |[li8v2duld be interesting
to study such combination. We expect addition of fiber would incregkdensity in composite
foam and delay moisture permeability. Further, the interactioneeet polyurethane and fiber
would improve interfacial adhesion and trap more carbon dioxide in comgosiin which
enhances R-value. Hence, this study would develop a novel procissiolegy to produce the
biofoam insulation from soy-based polyol and incorporate natural fibervestigate thermo-
mechanical properties. It will also study the effect of natfiber in soy-based water-blown
biofoam insulation as well as its contribution to the structuraigmity of the building against

lateral forces.

1.3 Objectives and scope of the study

SPF is currently prepared by mixing isocyanate with petrolbased polyol using auxiliary
blowing agents such as chlorofluorocarbon (CFC) and hydrochlorofluorocarbdfCjHThey
are currently facing challenges to eliminate these harmfutautesiue to environmental issues

and replace them with natural products in spray foaming.
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The goal of this study was to prepare spray foam insulation fogrbased polyol using water as
blowing agent and to introduce fiber in foaming process to impteyaoperties. Soybean oil is
a natural product that can be converted into polyol through epoxidizatioespradistilled water
can act as blowing agent and react with isocyanate to produce caokmeaequired to expand
the foam during polymerization reaction replacing auxiliary blowagents. Therefore, main

objectives were:

To better understand the fiber-polyurethane interactions and tifieatseon thermo-
physical and morphological properties of spray foam insulation.
To investigate the effect of chemical and fiber compositions on fdaning
characteristics.
To optimize the flow behavior of chemicals as a function of fiber content
To develop a prototype wood / cellulose fiber filled sustainablenfaad validate their
structural, thermal and moisture stability.
To evaluate contribution of SPF wall insulation in structural miegf a building
against shear loads.
The expected outcome and benefits are:
To achieve a balance between environment and building insulation quality
To engage in creating sustainable building structure
To encourage use of sustainable and green materials in SPF that reduces £3@2.emi
To reduce home energy use while increasing safety, durability, and comforidindpaii
Scanning electron microscopy (SEM) images of foam samples stedied to investigate fiber-
matrix interfacial adhesion. Fourier transform infrared specbpy (FTIR) was utilized to

identify the nature of functional groups present in foam matesiahtestigate foam internal
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structure and compatibility between fiber and resin. It may be noted thabie af this study is
not limited to open-cell SPF mainly used as wall insulation indeesial and commercial
buildings, but closed-cell foam has also been used in structuraliyptegperimentation for

higher strength foaming.

This thesis is composed of seven chapters. First chapter inclugesvay of this study, foam
formulation and preparation including photographs of fiber and non fibersfpagpared in the

lab. It assesses full analysis of wood fiber used as reinforcement.

Chapter 2 deals with the determination of optimum amount of water tsdxkin foaming as
blowing agent as well as the effects of wood fiber size and caatienton cell morphologies of
the foam insulation with respect to non-fiber (neat) foam. Rises embedded in foaming at
different aspect ratios in different stages of fiber conceatrand their effects on cell size and

density were investigated.

Chapter 3 is concerned with reinforcing effect of wood fiber on thkstability and mechanical
properties of the foam insulation at different fiber content and devighermal degradation
temperature, compressive strength and tensile strength of the d¢@mijoesn system were
compared with neat foam. The impact of water content whichtaffehermal stability was also

considered here.

Chapters 4 and 5 choose a patrticular fiber size (400 micron) and thumpamount of water
(6.7php) as blowing agent to be used in core study. A comprehensivetehaation and
thermo- mechanical properties of the composite foam systares iwestigated and compared

with neat foam. Chapter 4 deals with the impacts of wood fibeziaforcing agent in insulation
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foam while chapter 5 considers the impacts of pure cellulose fiber asaratve reinforcement

for comparison.

Chapter 6 addresses the contribution of fiber and none fiber sprag Bmmall insulations in
overall structural integrity or shear resistance againstdvand seismic loads applied to the

buildings.

Finally, chapter 7 summarizes the key findings of this promgé¢ther with major conclusions
and recommendations for further research. Appendix 1 includes suntaidey of thermal
degradation temperatures for composite and neat foam system wiplendix 2 provides

statistical analysis details for density and compressive strength osfsems.

1.4  Raw materials

Two major raw materials in foam process are polyol and isocyanate.

1.4.1 Soy-based polyol

Most commercial polyols used in rigid foams are polyether or ptdyeolyols derived from
petro-chemicals. In recent years, price of petroleum polyoldadsdadue to increase in crude
prices and created an opportunity for their substitution. The consumptipetr@-chemical
substances also releases more carbon dioxide into the atmospheomiaihdites to the global
warming. Hence, researchers are prompted to look for alternatimesrénewable resources

such as soy-based polyol prepared from soybean oil.

Soy bean oil can generate high -OH value polyol, with high &gteecondary -OH groups. It
contains saturated and unsaturated fatty acids in its chemrcatuse. Using chemicals
(biophasic catalytic system with .8, for epoxidation and 6O, for hydroxylation), the

unsaturated fatty acids (triglycerides) are modified to introdugdroxyl functional groups
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converting vegetable oil into polyol. Applicatiohsoy-based polyol depends on the oil source if
highly unsaturated or saturated. This is just orargle and there are other methods using other
chemicals to synthesize biopolyol. Preparation @f based polyol is a two-stage process -
conversion of double bond to single bond througloxefation followed by hydroxylation

process to introduce -OH groups in its molecularcstire (Figure 1).

(o]
0-&-(CH,)14CH,
Q
CH;(CH,)sC=C—C—C=CH(CH,),—C—0O

?
O-C-(CH12)16CH3

@ Epoxidation

o
1
O-C-(CH CH
o o ° (CH2)14CH3
/N / \ 1]
CH3(CH3)sC—C—C—C—CH(CH;);-C—0O

Soybean oil

1
O-C—(CH12)16CH3

@ Alcoholysis
o

W
?R CI)R ° O-C—(CH2)14CH3
i
CH3(CHz)sC—C—C—C—CH(CHz),—C—0

OH OH

Epoxidized soyean oil

o

u
O-C-(CH12)1¢CH3
Alkoxyl hydroxyl soybean oil

Figure 1. Shows a typical chemical method to predsay-based polyol [3].

Characteristics of Soy-based polyol (Soyol 2102)

Property Value
Hydroxyl Value 69 mg KOH/g
Functionality Bi-functional
Viscosity @ 25°C 2040 cps
Acid Value 2.5 mg KOH/g
Moisture Content 0.04 %
Bio-renewable content 98 %
Appearance Orange

(Source: Urethane Soy Systems)
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1.4.2 Isocyanate

Isocyanate is the most important component in foaming. It is ayhigattive substance and can
react with any compound containing a hydrogen atom attached teciroeegative atom. The
reactivity of isocyanate depends on polyol functional group. The rat=aofion is 3 times faster
if functional group (-OH) is primary rather than secondary posititverdfore, catalyst for gel

reaction should be carefully chosen to balance the reaction.

Two major isocyanate used in PU foam marketing are Toluenecysrate (TDI) and
Diphenylmethane diisocyanate (MDI) with market share of 30 60% respectively [2]. They
are aromatic compounds with chemical structures shown below. PatylhBtiis more reactive
than MDI having higher average functional groups. It not only reaitfishydroxyl groups, but
also with other hydrogen containing compounds such as water, and awim&s PMDI reacts
with polyol functional group (-OH) it increases cross-linking dengitpducing a bigger and

stronger three-dimensional foam network.

Rubinate M or polymeric diphenylmethane diisocyanate (PMDI)nisasmatic compound,
brownish liquid with slight aromatic odor. It is manufactured for usasg‘A’ component
material in spray polyurethane foam insulation. It shows excetlampatibility with Polyol to
produce light color foam. In polyurethane foam the chemical madi considered completed
when all the initially free (-N=C=0) groups are bound within plodymer network and are

considered to be non-toxic.
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Chemical Structure of Diisocyanate - Aromatic

NGO R

CHj = |

NCO CH>
CH, =
o,
NCO OCQ
24-TDI NCO OCN CHap ...
2,4-TDI (GHgO2N>) 4,4-MDI ( CisH1002N2) Polymeric - MDI

Characteristics of Polymeric Isocyanate (Rubinaje M

Property Value
Functionality 2.7

NCO content, % 31.5
Isocyanate Equivalent Weight 133
Viscosity at 25°C, cps 190
Specific Gravity at 50°C 1.23

(Source: Huntsman Corporation)

Isocyanate index
The actual amount of Isocyanate to be used dunaging process is calculated by isocyanate

index formula (below) to ensure the complete reactif polyol and water with isocyanate.

@/ Enco)” Waeo
/56100 W,

~100

Isocyanaténdex=

(Hydroxynurber, +(2/18)" W,

olyol olyol ater

Enco = Isocyanate equivalent weight
Whnco = The amount of isocyanate to be used
Woaiyol = The amount of polyol to be used

Water = The amount of water to be used
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1.4.3 Blowing agent

The blowing agent produces gas bobbles. The bobbles get trappedpolyimer causing the
polymer to expand many times of its original volume to forndrfgam insulation. This type of
foam would have a good thermal insulation due to gas trapped insideobéles. Auxiliary

blowing agents such as Chlorofluorocarbons (CFCs) and other propellanisdaty used as
blowing agent in commercial insulation foam. They are high vol&tleds producing large
amount of gas to generate bobbles during polymerization to expand the beéore

solidification. These auxiliary agents have been phased out duwzaoe depletion. An
alternative candidate to replace auxiliary agents is ldidtilvater in which it reacts with
isocyanate and generates carbon dioxide to expand the foam dugtigrnreRistilled water is

used as blowing agent in this study to make CFC free foam or water blown foam.

15 Polyurethane chemistry

Polyurethane foam process contains two main reactions- the pagtien reaction and the

blowing reaction. A balance between these two reactions éstessfor a stable structure with

good physical properties. Catalysts | &Il (Table 2) control éheg reactions and prevent the
foam from collapsing. If carbon dioxide evolution is rapid with respedel reaction, the foam

will collapse and if the generation of carbon dioxide is not enough, foam-rise watreted.

The main component of foaming process is isocyanate with hightyiveagroup (-N=C=0)
containing two double bonds. It reacts with electron donor and electreptacdunctional
groups. Isocyanate undergoes two types of reactions known as -ryprand secondary

reactions.
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1.5.1 Primary reactions

Reaction between the isocyanate and the polyotumlly referred as polymerization reaction,
leading to the formation of a polymer with high mallar weight. In this reaction the isocyanate
(-NCO) group reacts with hydroxyl (-OH) group oflya to form urethane (-NH-CO-O-)
linkage. It is an exothermic reaction. Simultanépuanother major reaction occurs between
isocyanate and water to generate carbon dioxidéogasomote foam expansion. This reaction is
referred to as blowing reaction. The blowing reactitself contains two reactions. First,
isocyanate group (-NCO) reacts with water to gelee@arbamic acid which is unstable and
immediately decomposes, forming an amine and carboride. The amine (R-Nhl reacts

again with another isocyanate group to produce limkage (Scheme 1).

R-NCO + R'-OH —_— R—-NH-CO-O-R’ (Urethane)

R-NCO + HO — R—NH-CO-OH (Carbamic Acid)

R-NH-CO-OH —_— R—NK+ CO,

R—-NCO + R—NH — R—-NH-CO-NH-R (Urea)
Scheme |

1.5.2 Secondary reactions

Isocyanate reactive groups further react with @e¢hand urea groups to form allophanates and
substituted biurets respectively. The secondargtiess of isocyanate leads to cross-linking, and
the resulting polyurethane becomes more rigid. Tiensperature control during polyurethane
synthesis is critical to control secondary reacticand thereby cross-linking. Allophanate
linkages may or may not be reversible, dependinghany factors such as the nature of catalyst

or NCO/OH ratio. Secondary reactions were schemftishown below (Scheme II)

R-NH-CO-O-R’ + R-NCO=—= R-NH-CO-NR-CO-O-R’
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(Urethane) (Allophanate)
R-NH-CO-NH-R + R-NCO R-NH-CO-NR-CO-NH-R
(Urea) (Biuret)
Scheme I

1.5.3 Hard and soft segments

The polyurethane structure is diverse and comptexaining hard and soft segments and they
determine the rigidity and elastomeric propertiethe foam. In early stages of foaming process,
the generated urea linkages from blowing reactemtlndency to initiate phase separation (hard
segment) within the polymer due to its ability torrh strong hydrogen bonds between
themselves. As soon as the polyol-isocyanate wragienerates enough urethane linkages, the

soft phase formation starts and urethane links boadoft and hard segments together.

The hard segments are mainly crystalline, havirgghame groups that are cross-linked through
hydrogen bonding with urea and other urethane ¢igkahrough C=0 and N-H active groups.
The hydrogen bond energy or hydrogen bond strelmgfiveen these groups is much higher than
those in soft segment groups. The soft segmentghardatty acid linear sections of polyol
structure stretched in coil shape within the polymeofile, and provide elastomeric quality
within the matrix network. While hard segments hrghly crystalline, the soft segments are
comparatively mobile. The presence of these twa@han the same molecule can alter the foam

properties.

1.6 Experimental approach

1.6.1 Fiber selection and analysis
Polyurethane foams are unique materials with watege of physical and chemical properties.

They have also disadvantages such as low mechasigaigth and thermal stability. To
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overcome these disadvantages, a great deal of effort has besedd® incorporate fiber in
foaming to enhance these properties. Fibers such as wood and celibdoseafe plenty in

nature and cost effective.

Just like polyol, cellulose natural fiber contains hydroxyl (-Qjf#pup and isocyanate has a
natural tendency to react with this group. Each repeating urgelaflose has three hydroxyl
groups (C6, C3, and C4) available for reactions. The compatibility ttxmwath cellulose fiber

depends on the involvement of these free -OH groups.

MNon-reducing end Reducing end

Sometimes shown as

Cellulose

Cellulose fiber monomer and structure

CELL WALL LAYERS FIBRILS

WOOD CELLS SiyiSn. S5 — tonm Hemicallilose

CELLULOSE CHAIN MOLECULE

Cellulose fiber — Macro fiber to micro fibril
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The original white birch medium density wood fiber (MDF) was supplied by FPInoogattith

the following fiber composition to be used in the study.

Fiber Type Mean Aspect Cellulose Hemi-cellulose| Lignin
Length Ratio Content (%) | Content (%) | Content (%)
(Lm) (L/D)

White Birch 1660 28 50 24 16

MDF-8bar

(Source: FPInnovations Data Sheet)

Although the long fiber provides better enforcement quality, high visc@sid dispersion
became a problem even at lower fiber content. To eliminate theserdathe original fiber had
to be grinded to an optimum size around 400 um to be able to incorgarat®aming with

lesser difficulties and still achieve a moderate reinforcem&he analysis of fiber length

provided the data for average length of fiber within the reinforcing material

Wood Fiber 1660 pm Wood Fiber 400 p Cellulose Fiber 400 pm

Fiber length analysis using SEM

Wood fibers were analyzed in terms of diameter and length witke Tap SEM (Hitachi TM-
1000). A small amount of short wood fiber (4Q6h) which was grinded previously with the
mesh 40 was placed under electron microscopy to measure diametiength of approximately
100 fibrils to draw fiber distribution diagram. Figure 2a and 2b shendistribution in terms of

length and diameter. It is observed that fibrils diameter rabgéseen 5 to 5%m with an
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average of 30 um, while fiber length range fallsisen 100 to 40Qm with an average around

200 um. Therefore aspect ratio of the wood fibes estimated to be around 6.5.

Table 1. Fiber length and aspect ratio analysis

Method Fiber Type Avg. Length | Avg. Diameter | Aspect Ratio
(Lm) (Hm) (L/D)
FQ Analyzer Wood fiber 270 60 4.5
(100-800)
SEM Wood fiber 200 30 6.5
(100-400) (5-55)
FQ Analyzer Cellulose 260 13.5° 20
fiber (100-800)
Sigma Data Sheet| Cellulose 200 13.5 15
fiber (50-350)
"FPInnovations Data Sheet ” Sigma data sheet

Frequency
e w = 2233
| —
 E—
—/
|
|
0

QD
Frequency

P » » ) : - e g 5 - ’ f’t =
F&FFHFESFE L A R A
h (um) Wood fibers Bumeter (pa)

Figure 2. Wood fiber length and diameter distribathistogram.

Fiber quality analyzer (FQA)

Fiber quality analyzer test would analyze fibergénof a particular fiber type. It has an
integrated sensor unit capable of taking opticahsneements. A small amount of wood fibers
stirred well with 500 ml of water in a beaker andged under the stirring device. It kept the
fibers suspended in water, uptake them into thehmador analysis using the imaging sensor. In

this technique, about 5000 short fibers were calitdeestimate the average fiber length. Table 1
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shows average fiber length and aspect ratio of each fiber Eikgs length was observed to be

within the range of 100-800 pm for both fibers.

1.6.2 Formulation and study design

The first set of experiments was carried out to produce neatifstation. Many samples have
been prepared trying different catalysts and surfactantsite @t an optimum formulation in
which it could be used as base for neat as well as composite foam systemativseindicated
that catalysts K-15 makes foam more yellowish and Polycats giroduct a strong odor. On
the other hand, 33-LV in combination with DMEA leads to a better pedoce in terms of
balancing -NCO reactions with Polyol and water. Catalys\V3i3Lresponsible for the balancing
reaction between Polyol and NCO. DMEA speeds up the reactimedr@tNCO and water. The
optimized ratio of DMEA to 33-LV was found to be 2/3. The amount of wadelr significant
influence on the blowing behavior and formation of cell sizes. Table\gsstie formulation for

water-blown open-cell spray foam insulation.

Table 2. Formulation for water-blown spray foam insulation (Open-cell)

Components Commercial Name Php
Polyol Soyol 2101 100
Catalyst | DMEA 1.33
Catalyst Il 33LV 2
Surfactant DC 5179 0.67
Blowing agent H,0 6.7
Isocyanate Index Robinate M 120

! Parts per hundred grams of polyol

However, the formulation has been modified in structural integipeements (chapter 6) to

reflect stronger foam network (closed-cell foam) to bettenstéind the applied shear forces. The
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polyol used in such formulation had higher hydroxyl groups to promotaumadhane solid

structure with more closed-cells containing diffused gas trapped in.

Neat and composite foam system

At first neat polyurethane foam insulation was prepared using atooweilation. Catalysts,
surfactant, and water were mixed with polyol for 5 minutes and gw@myanate was added and
stirred again for 30 seconds. The mixture was transferred intolé and rose under free-rise
method. The composite foam system was prepared using the same ethedt foam but
wood or cellulose fiber was initially pre-mixed with polyol at 13pBfphp or 40php as per

requirement for 20 minutes. The following scenarios were considered fosignaly

. Neat foam (no fiber)

. Fiber foam with 13php 400 pum Wood fiber

. Fiber foam with 26php 400 um Wood fiber

. Fiber foam with 40php 400 pum Wood fiber

. Fiber foam with 13php 400 pm Cellulose fiber
. Fiber foam with 26php 400 pm Cellulose fiber

. Fiber foam with 40php 400 pm Cellulose fiber
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Wood fiber 26php 400 pm Cellulose fiber 26 php 400 pm

r

Test specimens

Neat wall panel Wood fiber 20php wall panel

Figure 3. Neat and composite foam samples
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CHAPTER 2.0

Fiber Reinforced Soy-based Polyurethane Spray Foam Insulation.

Part 1: Cell Morphologies



Abstract

Environmentally friendly polyurethane (PU) spray foam insulatios pr@pared by substituting
petrochemical polyol with soy-based polyol. The effects of adding ibed and water on the
cell morphologies were studied. Cell size increased with theepce of wood fiber, but
decreased with an increase of water (H20). Still, shober filecreased the foam density but

increased the cell size and open cell content.

2.1 Introduction

Most sprayed polyurethane (PU) foams are used in the constructidmw@rea (Bomberg and
Kumaran 1999). PU spray foam insulation prevents air leakage aaidsretffective energy
(Moore and Ference 1998). Compared to traditional insulation, sprayeaem-plU foam
quickly expands to many times its original liquid size in secordscreate an airtight
environment by sealing and filling each cavity, crevasse, void, amdwhich overcomes some
of the causes of energy loss in a building. This also improves indoquality by blocking
harmful outside irritants and eliminates the particles thaeariéed and developed from fibrous
and dusty insulations. This sealed envelope can also improve sound athdiecagise airborne
noise can no longer seep through the walls (Falke et al. 2001). lioad&Ut spray foam has
high R-value compared to common insulation materials (Anon, Honeeélhical document),
which will lower heating cost in cooler regions of Canada (Anon, Desknical documents).
Still, PU insulation adheres well to almost any material, @afp¢ wood and steel studs

(Lohman 2005).

Biodegradable foams lower society’s dependence on fossil fuelhamed drawn attention in
construction building industry to develop more environmentally friendpctares (Pollack

2004). Biofoam is a new, entirely sustainable and biologically delgieagelymer made from
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renewable bio-sources (Meyer 2011). Bio-based polyol has been prepanmedbimbased
epoxidized vegetable oils (Tan and Chow 2010), that consumes less assogiated with the
energy required for the fabrication process (Andmni Tech Internationa2010) and reduces
the carbon footprint by absorbing greenhouse gas during the plant|Efé8jeeckx 2006). The
large output of soybean oil in North America motivates the ussogpfbased polyol (Soyol)

(USDA 2011; Allen 2009).

Soy-based PU spray foam is popular due to its good quality, superior adhesion, andtiae. dr
Soyol is derived from soybean oils which come from soybeans. Thhasoachieved a higher
yield due to advances in its biotechnology. According to the U.S Degrairtaf Agriculture
(USDA) figures for 2010, 93% of all of soybeans produced in USAgaretically engineered
for herbicide tolerance (USDA 2010), and 70% of the global productionsbiatechnical
soybeans (James 2008). The vast majority of genetically modifidaean oils are used for
affordable soyol production by adding hydroxyl groups at the unsaduséts (Monteavaro et
al. 2005;Petrovi et al. 2005) Since its invention, Soyol has been used in various PU foam
applications due to its renewability (Sherman 2007). Natural fibehéch also are rich in
hydroxyl groups, can be introduced for reinforcement (Silva et al. 200 @t @l. 2010; Bledzki
et al. 2001) to give a better biodegradation (Silva et al. 2010).sTindly would investigate the

cell morphologies of PU spray foam in presence of wood fiber.

2.2 Experimental

2.2.1 Materials and methods

Soy-based Polyol (Soyol)

Soyol, which is rich in triglycerides structures, was pregairom soybean oil by adding

hydroxyls at the unsaturated sites. Low odor Soyil02 was donated by Urethane Soy Systems
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(Volga, South Dakota, USA). It is thd"§eneration of polyol made using soybean oil. Its bio-
renewable content is as high as 98%, as reported by ASTM D 686§ditsxyl number was 63
mg KOH/g according to ASTM D4274-99 with the viscosity of 2181 cps at 25°C.
Isocyanate
Polymeric diphenylmethane diisocyanate (PMDI) having 31.5% NCQenbmtas donated by
Huntsman and used to produce sprayed foams. Its functionality Waas2provided by the
supplier.
Wood pulp fiber
Steam explosion pulp of trembling aspen (high energy, 8 bar pressaseYyeceived from
Forintek Canada Corp (Point-Claire, Quebec, Canada). This airiddestrial aspen Chemical
Thermal Mechanical Pulp (CTMP) was grinded by Thomas Wiley LaborMiiryModel 4, and
screened into 20-35, 35-70, 70-100, 100-140, 140-200, and 200-325 mesh size ranges,
respectively. Six selected fibers were introduced into PU sfmays as natural filler. This
unbleached CTMP fiber imparts PU biofoam a dark-brown color.
Catalysts
Diamine was used as a foaming catalyst, which was receiggd Sigma Chemical Company.
Tertiary amine donated by Air Products and Chemicals, Inderffdwn, Pennsylvania, USA)
was used as a gelling catalyst.
Surfactant
Polysiloxane family based surfactant was used to achieve supeticstructures; these were
donated by Air Products and Chemicals, Inc.
Blowing agent

Distilled water was used as a blowing agent to generate foams;ahigrepared in our lab.



2.2.2 Foam preparation and evaluation

PU spray foams were prepared by a free-rise method withotheufations shown in Table 1.
The amount of pulp fiber used was in terms of 100 parts of soyol. The soyol was marxedly m
with the additives (catalysts, surfactant andMfor 5 minutes under ambient temperature, and
then PMDI was added and mixed for another 20 seconds. The resultantenvies quickly
transferred into a mold for foaming to get neat PU spray foamsthEoreinforced PU spray
foams, wood fiber was pre-mixed with soyol for 20 minutes to wetptetely. The process was
the same as the preparation of neat foam. Finally, all thepPay foams were kept at the room

temperature and well post-cured overnight.

Obviously, the amount of J# is expected to have significant influences on the cell
performances. In this study, the amount gOHvas set in the range of 4.7 to 8.0php (parts per
100 parts) of Soyol. When a lower amount (less than 4.7php)®@fwés used, neat PU foams
were shrinkable. Oppositely, neat PU foams would collapse whemtbant of HO was over
8.0php. From Fig. la-c, more® helped create a smooth plump appearance. With the addition
of wood fiber, the foam shrank, as it can be seen by comparindgb-igo fiber) with Fig. 1d
(20php fiber) with same 4.7php.@® content. Therefore, the amount ofHwas adjusted to
6.7php in order to get acceptable fiber reinforced foams as shown.iddzidyleanwhile, the
foaming and gelling time was extended beyond 20 seconds when wood fibéntnwdsced
according to our observations. In addition, longer curing time wasreglqas more fiber was
added. It demonstrated that wood fiber, in particular for CTMP flteed, a delaying effect on

urethane reaction.



Table 1. Formulation for PU spray foam insulation (Open-cell)
Parts by weight, php

Materials -
Neat PU spray foam PU-Fiber spray foam

Soyol Soyol® 2102 100 100
Catalyst Diamine 1.33 1.33

Tertiary amine 2.0 2.0
Surfactant Polysiloxane 0.67 0.67
Blowing agent H,O 4.7,5.3;6.7; 8.0 6.7
PMDI NCO index 120 120
Wood fiber 35-70 mesh 10; 20t; 30; 40; 50; 60

T Six select fibers were formulated

Neat H20 4.0

Fiber-PU foam (H2O 4.7, 20php Fiber)

Neat H20 4.7

Fiber-PU foam (H2O 6.7, 20php Fiber)

Neat H20 8.0
Fig. 1. Evaluations of PU spray foams

2.2.3 Fiber quality analysis (FQA)
The length of fiber particles and their distribution were measbse Fiber Quality Analyzer

(Optest Equipment Inc. Hawkesbury, Ontario, Canada). The fiber count was over 5000.

2.2.4 Morphologies of PU spray foam
All the foams were conditioned at°A3 and 45% relative humidity, and then the foam slabs were

extracted by cutting with a saw, followed by polishing with a Isaibhder (Model 31-710,
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Rockwell International, Pittsburgh, USA). The size grit was 120. Emgth, width, and
thickness were measured after polishing. The thickness is along the foaneatien.
Open cell content measurement and foam density
10 small specimens (3cmx3cmx3cm) were used to get the foantiekasicording to ASTM
D1622-09, and then the open cell percentage was determined by a Quenéadistruments
Ultrapychometer 1000 (Boynton Beach, FL) according to ASTM D6226-05 {#28leC and
45% relative humidity.
Scanning electron microscope (SEM) investigation
Sample stub with thin foam slab was surface metalized by tespatating (BOT 341F) with
evaporated gold (in 4nm thickness), and then was carried out by SEACHHS-2500, Hitachi
High Technologies Inc., Tokyo, Japan) at an acceleration voltage of 15kV.
The cell morphologies were statistically analyzed by Imageacluding feret diameter and

distribution.

2.3  Results and discussion

2.3.1 Fiber quality analysis (FQA)

It has been reported that natural fiber can influence therpesthce of PU microfoams (Bledzki
et al. 2001). However, PU spray foam is different from the regdpPtlU foams due to its quick
expansion and fast dry-time. In this study the effects of fibacentration and fiber size in
particular for fiber length on the sprayed foams were invdstigd he length distributions of 6
classified fibers are shown in Fig. 2. The six selectréidead roughly the same diameter but
distinguished length distributions and exhibited different average $izes. Fibers in high mesh
had short length and narrow distribution, such that they were more likelggmrather than

fibers. All these selected fibers were introduced into sprayetb®td reaction system after pre-
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wetting by soyol according to their fabrication process. The teeguloams were examined to

reveal the changes in cell morphological structures and performances.

2.3.2 Morphological structures of PU spray foams

Effect of HO content on cell structures

In general the amount of,@ dominated the cell structures of water-blown PU foams because
the CQ gas was released from the reaction between water and —NCO gfdeptDI. But the
influence of gas expansion should be neglected if the foam cadpmestly open cells and
avoided “exoterm” problems, such as foam core-burning. In addition, fine ef the moisture

of polyol could also be neglected due to its very low amount reportetk tsupplier (max

0.01%).

The effects of KO on foam density and cell structures are demonstrated in Figtt8s Istudy,

the densities for the neat PU foams were varied depending on thentaaf water as blowing
agent. Figure 3 shows the variation in density and open cell contdrd akat PU foams with
4.7-8.0php HO, which was based on the weight of Soyol. With the increase®@ffiem 4.7 to
8.0php, the densities of the neat PU foams decreased from 40.9 to 2435 Hgjsnfinding
corresponded to the results of®blown foams based on polyester polyol (Thirumal et al. 2008;
Li et al. 2006). However, there was some deviation in cell strisctasethe open cell content
decreased from 90.6% of 4.7phpQHto 87.3% of 6.7php ¥D. After that the open cell content
rebounded to 90.2% again. This change was caused by the un-uniform distrifutib®
molecules through the whole foam. In any case, the neat PU spraycémaachieve maximum

closed cells in the presence of 6.7phH®OH

Figure 4 shows the cell size distributions of the neat PU doaith different HO concentration.

The distribution of cell size was narrowed on the downward sizeoas FhO was introduced.
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The decreased mean values of cells sizes have a lineaonstgd with an increase in,B
amount, as computed in Fig. 5. The cell feret diameter decreasedt@l um to 287 um when
the amount of kD increased from 4.7php to 8.0php. The decrease of cell size in biofoam with an
increase of KO content is opposite to the result of petrochemical PU foamteepby Li et al.
(2006). The relationship of cell size ta® content can be observed from the SEM images in
Fig. 6. The cells became smaller and non-uniform as mgewds introduced. This finding was

in accordance with the decrease of cell irregularity as shown in Fig. 5.
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Fig. 6. SEM images of neat PU spray foam (50x)

Effect of wood fiber on cell structures

Due to the fact that polyols contained a high content of hydroxyl granghsatural fibers were
well wetted by polyols, the foam matrix was compatible with wilogek, as shown in Figs. 7-1a
and 8b. When 20php fibers were introduced into the foams, most fibers nasredfin cell
walls, as observed in Fig. 8 (a, ¢ and d) due to the good compgatidetiwween the fibers and
polyols. Natural fibers were compatible with isocyanate. They neagt to form units of
urethane; the existence of secondary interactions of the fiilerpalymer polyurethane may
also be possible. Therefore, the surface of the fibers waseadred with the polymeric matrix.
Only fewer long fibers were isolated and located in the pores, as shovwgn ih Wood fiber had
the most significant impact on the cell structures, typidal cell supports and cell windows. In

addition, woody color of pulp fibers was imparted to the fiber reintbRe spray foams with
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brownish-yellow color. This agglomeration of pulp fibers was clesglgn at the foam skin, as

shown in Fig. 1e.

PU has a good adhesion to wood (Wake 1978; Phanopoulos et al. 1999; SomagDe8;al
Frihart 2005), especially at high hydroxyl content (Desailet2@03). Naturally, the fiber
reinforced PU spray foam is also expected to have a good conipabbtween the introduced

fibers and the foam matrix to improve house insulation (Lohman 2005).

Effect of fiber concentration on cell structures

The overall density of the foams increased steadily followingnarease of wood fiber, as
indicated in Fig. 10. The density of the fiber-reinforced foahleas®d an increase of 3.8 times
from 28kg/n? of neat PU spray foam up to 136k§/as 60php fiber incorporated. A similar
result was also obtained in polyester polyol foam, as reported bp 8t al. (2010).
Incorporating the right amount of fiber, such as 10-20php, the foam shrirdsadee grevented
due to the support of stiffer fiber. Even though wood fiber wasweglied, some fiber destroyed

cell structures high levels of fiber, as shown in Fig. 9.

Fig. 7. Long fiber isolation in the cells
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Fig. 8. Fiber framed in cell struts

From our observation, a typical effect of addition of fiber intoft@n mixture was increase in
its viscosity. Foaming delay, induced by wood fiber, was also olikehadting the foam
expansion and increasing the foam density (Silva et al. 2010). Wherfibesrevas introduced,
a much greater degree of time-delay-induced effects causeddaign density. This increase in
density can be observed in Fig. 10. In addition to foam density, smallrdas of fiber increased
the open cell content from 87.3% of neat PU spray foam up to 91.3% fowftarhOphp fiber
that was attributed to the high perforation behavior of wood fiber @iy However, the open-
cell content decreased to 85.5% when 60php fiber was introduced (sd®)Fpcause some

cell walls were overlapped into microvoids in a delayed foaming process ¢sdd &if).



Fig. 9. Fiber existence in PU spray foam with high fiber loading
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The foam quality was dependent on the amount of fibers present bevaoddiber can be
framed into the cell structures, as described earlier. With riloees employed, more cells
became irregular and defective (Fig. 11) compared to the cahl®wifiber present (Fig. 6)
(Silva et al. 2010). Stiff fiber also perforated the celllsyalvhich made it difficult to distinguish
cells. It was hard to find an intact cell in the foam block inpitesence of 60php fiber, as shown
in Fig. 11f. In addition, more fiber concentration had increased thaizel (see Fig. 12). The
distribution of cells also became inhomogeneous, which is shown in FigihtBefore, the
increase in fiber content led to large irregular cells andceedse of cell regularitfsee Fig. 12)

due to the gas releasing along the fiber axis.

N PO
30 phpfiber

e

I . Nl s SN
40°php M50 php fiber

Fig. 11. SEM images of the fiber reinforced PU spray foams in different fiber concentration (50x)




16
The contribution of cell size in the direction of foam rise in@dasbviously and more cells
were broken when more fibers were incorporated. With the incodafiger concentration, the
cell size increased from 314um of neat PU foam to 655um of 50phpréindorced foam as
shown in Fig. 12. This finding is contradictory to the finding in polyestdyol foams (Silva et
al. 2010) because of different foam matrix, foaming technology anddkef auxiliary blowing
agent in our case. This increase probably came from the cdlblgeavhich was caused by the

continuous connected fibers, especially for high fiber loaded foam.
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Fig. 12. Effect of fiber concentration on cell structure
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Depth-of-field SEM images of the neat foam matrix (Fig. 14partyeindicated polyhedral
structures, which exhibited polygonal cell shapes (Bandyopadhyay-Ghakt2@10) and three-
dimensional cell wall structures (Fig. 14a) because of taglge molecule structure (Petrovi
2008). Each polygonal cell-face was covered by a thin membranous windowiliiteare
considerably thinner than the struts, as shown in Fig. 8a. In additionglth&tructure altered
complex three-dimensional structures when fiber was introdikigd X4b). Figure 14b shows a
cross-section of broken struts, which were always formed at théigunaf three windows
(Dawson and Shortall 1982). The cross-sectional profile for the steres seen triangular and
described as a hypocycloid of three cusps (Jones and Fesman 1968yeHdie nodes were
always formed by four struts from their SEM images. The thegs seen at each node in Fig.

14 were accompanied by a strut out of the plane of the micrograph.

Fig. 14. Three-dimensional cell structures
a- neat PU spray foam; b- 20php fiber reinforced PU spray foam

The fiber reinforced PU foams had more broken windows due to tfreessfof wood fiber from
the observations of Figs. 6, 11, and 14. Furthermore, three-dimensionalrsswtintributed the

foams with good dimensional stability. In our case of predominantlg-opk PU foams (over
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85%), the open cells enabled the foam to breathe, ensuring cellqgdibration to keep

dimensional stability (Brown et al. 2010; Tylenda 1988).

Effect of fiber size on cell structures

The use of screened fibers as continuous threads in different drimgsgements provided
foams with different final properties. With the decrease ofr fdize, the foam density reduced
gradually from 32.7kg/thfor 20-35 mesh fiber-reinforced foam down to 27.4Kgfor those
with use of 200-325 mesh fiber, as shown in Fig. 15. This could be chygsbd existence of
much more smaller but numerous fiber particles. Unlike cell dengity open-cell content
increased from 86% to 92% following the fiber size decreasing fr@% mm (20-35 mesh) to
0.175 mm (200-325 mesh). The small fibers can serve to increase cell amounts to latiiesqua
by an enhanced heterogeneous nucleation (Ramesh et al. 1994; Rodiadu206tl), which

causes cell-cell borders overlaps, leading to a minor increase of opeontelt.

The experimental measured cell size distributions for eatiplsawere fitted in Fig. 16. With
decreasing size of the fiber, the average cell size disboibumcreased. This deviation was
exhibited clearly for the foam in a presence of 0.175 mm (200-325 mesh) fiber. tiggnahe
average cell diameter increased with decreasing fiberHengtich was observed from Fig. 17.

However, the effect of fiber size was not clear on the cell regularity.

Small fiber particles can accelerate the amount of foars aslh nucleation agent. The thickness
of cell wall was expected to be thin following the decreaseneffbam density. Therefore,
several crowded thin cells must crowded together to build larg@ecavities, as shown in Fig.
18. Shorter fibers contributed to a larger average cell sizehwias computed in Fig. 17. The

increase of cell diameter was hypothesized as coming frone theerlaps. Unlike the fiber
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content, the fiber size has less impact on the cell regul@hse findings indicated that the cell

regularity mostly depended on the amount of fibers, not the fiber length.
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Fig. 15. Effect of fiber size on foam density and open cell content
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Fig. 18. SEM images of the fiber reinforced PU spray foam with different fiber size (50x)

2.4  Conclusions

PU spray foams with varying density using water as a bigwigent were prepared via a free-
rise method. The amount of water affected the cell structur@scbyasing the cell size. It was
possible to prepare sprayed PU biofoams with wood fiber using-laasey polyol. SEM images
revealed that wood fiber was compatible with the foam matrixtetfaces due to their chemical
reactions. The amount of fiber had significant effects on thestrectures, in particular the
increase of cell size and of foam density. As fiber contenteMasted the bulk density of the
composite foam increased. In terms of fiber size, long fiber cotepimsim had slightly higher
bulk density than that of short fiber foam. It is possible thatsthall fiber particles acted as
nucleating agent producing thinner cell walls within the foam stracteducing the density.

Presence of fiber had minor impact on Open-cell content. Openecg#nts of fiber and non-
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fiber foams were observed to be in the range of 85% to 90% and remained at thragkekess
of fiber size and concentration. In general, long fiber showed bettemncement, which was

related to its high aspect ratio, contributing to complex structures thattcasm achain extender.

Short fiber showed low aspect ratio.
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CHAPTER 3.0

Fiber Reinforced Soy-based Polyurethane Spray Foam Insulation.

Part 2: Thermal and Mechanical Properties.



Abstract

Biobased polyurethane (PU) spray foam insulation was prepared wigiosml. The effects of
adding wood fiber and water on the thermal and mechanical propefrtiles insulations were
studied. The decomposition temperatufel) (of the foams increased with fiber reinforcement
due to a higher degree of crosslinking. Alternatively, differi@mér length contributed to
different crosslinking. The neat foams, which didn’'t contain wood fibleas| exceptional
thermal stability with the increase of the amount gDHoy forming more stable polyurea
adducts. In addition, PU spray foam blown with a larger content©fttéd higher compressive
strength by forming a stiffer phase. The spray foam oewtefd with fiber also had superior
compressive strength due to the fiber framing into the foanssirbe effect of the fiber length
on the compressive strength was evaluated. The degree of cameplrks was influenced by

the fiber length. However, the tensile strength was weakened with the additionafiber.

3.1  Introduction

Bio-based foams reduce risk from unpredictable and increasables miiciossil fuel; such
materials have moved into the mainstream for the construction buikdingtry (Pollack 2004).
Sprayed PU foam is mostly used in construction (Bomberg and Koni®@9) due to its
effective energy saving (Moore and Ference 1998) and improved sound exttaEaike et al.
2001). New sustainable bio-based PU spray foams are made fronabdadio-sources (Meyer

2011), thus consuming less energy and reducing carbon footprints.

Soy-based PU spray foam is being driven by large soybean ontpldrth America (USDA

2011). Meanwhile, the agricultural industry will thrive by the gmyvidemand for soy.
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Furthermore, soy-based foam could achieve higher thermal and dmenstability than

petroleum-based foams due to their triglyceride structures (Javni et al. 2004)

Though PU foams based on vegetable oils have been reported (Banikiar2dE Petrovi
2008), there are no records for PU spray foams, especially fopiRayY oams reinforced with
wood fiber. Due to wood fiber being rich in —OH groups for potential imatd —NCO groups
of isocyanate, it would be wise to study the thermal and med&igimperties of PU spray foam
in presence of wood fiber, in addition to the cell morphologies consideredrt 1 (Khazabi et

all. 2011).

3.2 Experimental

3.2.1 Materials and methods

Soy-based Polyol (Soyol)

Soyol was prepared from soybean oil by adding hydroxyls atrtbaturated sites of its abundant
triglycerides structures. Low odor Soyol® 2102 was donated by UretBay Systems (Volga,
South Dakota, USA). It is thé"sgeneration of polyol made using soybean oil. Its bio-renewable
content is as high as 98%, as reported by ASTM D 6866. Its hydroxyl number was 63 ngy KOH
according to ASTM D4274-99 with the viscosity of 2181 cps at 25° C.distuamne is less than

0.01% according to the data by the supplier.

Isocyanate
Polymeric diphenylmethane diisocyanate (PMDI) having 31.5% NCQenbmtas donated by
Huntsman and used to produce sprayed foams. Its functionality Waas2provided by the

supplier.

Wood pulp fiber
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Steam explosion pulp of trembling aspen (high energy, 8 bar pressaseyeceived from
Forintek Canada Corp (Point-Claire, Quebec, Canada). This airiddestrial aspen Chemical
Thermal Mechanical Pulp (CTMP) was cut and screened into 20-35, 3®-7M0, 100-140,
140-200, and 200-325 mesh sizes, respectively. Six select fibers werkigad into PU spray
foams as natural filler. This unbleached CTMP fiber imparts r&-ld@wn color to the PU

biofoam.

Catalysts
Diamine was used as a foaming catalyst, which was receiggd Sigma Chemical Company.
Tertiary amine, donated by Air Products and Chemicals, Incerffdivn, Pennsylvania, USA)

was used as a gelling catalyst.

Surfactant
Polysiloxane family based surfactant was used to achieve supeli structures; samples were

donated by Air Products and Chemicals, Inc.

Blowing agent

Distilled water was used as a blowing agent to generate foams wisqgbregared in our lab.

3.2.2 Foam preparation and evaluation

PU spray foams were prepared by a free-rise method aegotalithe formulations listed in
Table 1. The amount of pulp fiber used was in terms of 100 parts of. skhye soyol was
manually mixed with the additives (catalysts, surfactant ay@) ldt ambient temperature for 5
minutes, and then PMDI was added and mixed for another 20 seconds. Aftertlve resultant
mixture was quickly transferred into a mold for foaming to get R spray foams. For the PU

spray foams in presence of wood fiber, wood fiber was pre-mixddseitol for 20 minutes to
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soak completely. The processes of the addition of the additives andh{paumiie same to neat
foams. Finally, all the PU spray foams were kept at the r@onperature overnight to be well

post-cured.

According to our observation, wood fiber can delay the urethane reacpanticular for CTMP
fiber from their longer foaming time.

Table 1 Formulation for PU spray foam insulation (Open-cell)

Parts by weight, php

Materials
Neat PU spray foam PU-Fiber spray foam

Soyol Soyol® 2102 100 100

Diamine 1.33 1.33
Catalyst . '

Tertiary amine 2.0 2.0
Surfactant Polysiloxane 0.67 0.67
Blowing agent H,0 4.7;5.3;6.7; 8.0 6.7
PMDI NCO index 120 120
Wood fiber 35-70 mesh 10; 20t; 30; 40; 50; 60

T Six select fibers were formulated
3.2.3 Fiber quality analysis (FQA)
The length of original fiber was measured by Optest Fihealiy Analyzer (Optest Equipment
Inc., Hawkesbury, Ontario, Canada) according to TAPPI T271. 5000 fiexes evaluated to

compute an arithmetic mean fiber length. Each sample was tested twice.

3.2.4 Scanning electron microscope (SEM) investigation
Sample stub with thin foam slab was surface metalized by &espotting (BOT 341F) with
evaporated gold (in 4nm thickness), and then was carried out by SEAHHS-2500, Hitachi

High Technologies Inc., Tokyo, Japan) at an acceleration voltage of 15kV.



3.2.5 Mechanical properties

Preparation of ASTM specimens

All the foams were conditioned at 23 and 45% relative humidity, and then the foam slabs were
extracted from a saw machine and polished with a sanding machieelefigth, width and

thickness were measured after polishing. The thickness is along the foainedsen.

Mechanical tests

At least 6 type C specimens (5cmx5cmx3cm) were used fdtetestiength test using a Zwick
universal testing machine (Zwick/Z100, Zwick GmbH & Co. KG, Germaaygprding to ASTM
D1623-09 under 2& and 45% relative humidity (Fig. 1). The rate of crosshead mawenss

1.3mm/min.

More than 15 specimens (5cmx5cmx3cm) were tested for compresgmgth using an Instron
universal testing machine (Model 3367, Instron) according to ASTM D1621-04a ufidznad
45% relative humidity. The rate of crosshead movement was 2.5mm/mitherdlue at 10%

deformation was recorded as compressive strength.

Fig. 1. Tensile test of PU spray foams



3.2.6 Thermal analysis

Thermal analyses for PU spray foams were performed witmthgravimetric analyzer (TGA
Q500) of TA Instruments. Runs of TGA were conducted in the ramp mode rioom
temperature to 760C under air condition at 60mL/min flow rate. The heating rate W#s
C/min. Sample weights of TGA were approximately 5 mg in itgiloai state. Runs of DSC were
performed in the temperature range of -60 to°ZDQnder nitrogen protection at 50mL/min flow
rate. The heating rate was °1G/min in the ramp mode. Samples weights of DSC were

approximately 6 mg after fractured in liquid nitrogen.

3.3 Results and discussion

It has been reported that natural fiber can affected the mechproparties of PU microfoams
(Silva et al. 2010). Although PU spray foam is definitely differfieotn PU microfoams due to
its quick expansion and fast dry-time, the influences of wood fibee wrpected to impact
sprayed foam quality. The average length of 6 classified fieessown in Fig. 2. The 6 select
fibers had same width due to cutting the same original fibeceo@bviously, fibers in high

mesh categories had short length, which were more like pantatiesr than fibers. Thermal and

mechanical properties were investigated after the selecs fibere introduced into sprayed PU
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Fig. 2. Average fiber length of selected fibers
3.3.1 Thermal properties of PU spray foams
DSC analyses of foam samples were performed to evaluate the effettsdfiber and blowing
agent on foaming. The typical DSC curve of PU spray foam wiiér fintroduced, which
combined the DSC behaviors of pure fiber and neat spray foam, is shown in Fig. 3. Both beta and
glass transition temperatures observed from DSC analysesrepenged in Fig. 4. Though the
DSC trace showed a decreased beta transition with the inaktés® or wood fiber (Fig. 4a
and b), the identifications were absolutely different. The increagbe amount of bD can
generate more stiff urea adducts during the reaction of -NCO gmignd urea structures had
difficult movement of molecules, exhibiting highy temperature as shown in Fig. 4a. The

increased linearly with the amount of®

In general, the —OH groups of wood fiber would react with —NCO groupdviidl. The beta
transition of PU spray foam in the presence of fiber decreasetbdtes reaction, leading to
conformational changes in the side groups of the matrix backbaned{Hi This reaction led to
additional barriers to free segmental motions. In our studyT{tshifted to a high temperature
from 57° C up to 85° C, with additional reaction of wood fiber with —NC@. @b’). Similar to
the function of HO, the increase dfy was also in linear proportion with the amount of fiber.
Unlike the functions of KD and fiber amount, the fiber size had different behavior on beta
transition. Shorter fibers probably formed shorter chain groups rather than ddecutar chains.
It is known that the beta transition is related to the moleculgmlybl long chains and short
backbone chains. It was reasonable to demonstrate high beta tranghitime decrease of fiber
size due to the formation of shorter chains. This estimation wa#getieby the experimental

result as shown in Fig. 4c. Though shorter fibers might generatieisbbain groups amidst the
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foam matrix, shorter fiber containing more fiber ends can produce burds at these ends
(Hsueh 1989). More chemical formations between the fibers and —NQ@sgcaused high

limitation of segmental rotation exhibiting highky; as shown in Fig. 4c.

Pure fiber

— === Neat PU foam (6.7php H20)
———— — Fiber reinforced PU foam (20php fiber)

<—Endothermic

Heat Flow (W/g)
S

2100 -50 0 50 100 150 200
Temperature (°C)

Fig. 3. Typical DSC curves of PU spray foams
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Fig. 4. Effect of the HO and fiber on DSC behaviors of PU spray foams

Effect of HO on cell thermal properties
Although this spray-on material had a skin, the quality of the skmmwot controllable. As well,
we studied the thermal properties of the foam core. The aeditste had an important effect on

foam thermal behavior. TGA analyses of foam samples havechesed out to justify the effect
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of H,O concentration as shown in Fig. 5. The thermal degradation temperaibgersed from

TGA curve are reported in Table 2.

The decomposition temperaturg) was correlated with increasing®. Urea formation was a
dominant factor in the ¥0-blown PU foam, especially during initial stages of foam (liset al.
2006; Grunbauer et al. 1992This finding was supported by the data in Table 2. A typical
decomposition curve of PU foam with two distinct steps is shown gn %i The primary
degradation associated with urethane linkages would happen at lovparsture (about 310° C)
leading to collapse of the cellular structure (Saber et al. 201®.secondary degradation
associated with polyurea and polybiuret linkages would be cleavadhar temperature (about
420° C). TheTy at 5% weight lossTys) was closer to the decomposition of urethane bonds,
whereas thd@y at 50% weight lossT{sg) was mostly correlated with the degradation of polyurea
linkages and polyol bonds. In either case, the degradable behaviag-lodsed PU foam are
very similar to the hydrolysis of petro-based foams (Dai .e2@02; Gerlock et al. 1980). The
Tgso Was expected to increase from 415° C to 440° C with the increas®dfdi 4.7 to 8.0php
due to more polyurea and polybiuret generated (Li et al. 2006). Howtbeeg, was almost no
change for th@ys temperatures of neat foams as shown in Table 2, which demondhatétQ
was used to build polyurea and polybiuret linkages in sprayed fastinipaprocedure.
Alternatively, the urethane formations would not benefit from the asgref HO. The increase

of Tdsp indicated that more # blown PU spray foam had higher thermal stability (Thirumal et
al. 2008). Urea adducts have been reported to be more thermally btableré¢thane structures

(Banik and Sain 2008).
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Fig. 5. Effect of HO on thermal behavior of PU spray foams

Table 2.Effect of HO on cell thermal degradation

H.O, php  Td, °C Tdo, °C

4.7 254 415
5.3 257 416
6.7 254 429

8.0 259 440
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Fig. 6. TGA curve of pure wood fiber (20-35 mesh)

Effect of fiber concentration on foam thermal properties

Wood fibers will start to decompose at 200° C (Kim et al. 2005) and shtweedistinct stages
with maximum weight loss at 328° C and 445° C in Fig. 6. Wood fiber suaspletely

decomposed at 445° C. So, the foams were exposed to the low tempehaumal t
decomposition of wood fiber. However, the degradable pattern was vadiabléo the —OH

groups of wood fiber reacting with —NCO groups of PMDI in exothermal reactions

The pattern of the decomposition of the fiber-reinforced PU spray fshowed that there was
also two-stage weight loss behavior accompanied with two endothpealks, as shown in Fig.
7. These indicated the thermal decomposition of PU foams consiséetivofstage degradation
of urethane adducts and polyurea bonds. But, this degradable patternl sbifteigher
temperature with the increase of fiber. It demonstrated thagrtipgoyment of wood fiber had
important influence on thermal behaviors. The thermal degradation riaimgeobserved from

TGA analysis was reported in Table 3.
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Different structures had different degradation temperatureshwiere portrayed by their break-
off peaks. According to Fig. 7, the amount of fiber had significargcesfon the thermal
decomposition. When a lesser amount of fiber was introduced, it Hadefitect on the foam
decomposition. But, this improvement was enhanced when high content fibpresast. The
employment of wood fiber alleviated the creaming reaction, whiaf @xpected to form more
urethane adduct formations because the tertiary amine sigrificardmoted the polyol-
urethane reaction after the fast blowing reaction caused byirndiarim addition, the extra
hydroxyl groups in wood fiber were also involved in the urethane oeaddifterwards, théys
increased because the initial stage of weight loss was dochimpathe urethane-urea blocks and
wood fiber degradation from 300° C. Still, the delayed gelation time and extendecdauvectie
purposed to contribute PU foam with more trimerization opportunitiesbiixigi high Tyso,
which governed the second stage around 500° C. The enhancemMgrarad Tyso indicated that
the fibers contributed PU spray foam with superior thermal gtabiiternatively, the functions
between the reactive —OH groups containing wood fiber and PMDI looted more thermally

stable structures by reacting chemically and extending post-curiag tim

100
801
607 0 php fiber \

= ———— 10 php fiber
T-,:h_m — — — 20 php fiber
'5 | ———— 30 php fiber
:‘120_ ——— 40 php Ijiber
———— 50 php fiber
— —— 60 php fiber

0_

0 100 200 _ 300 400 _ 500 600 700
Temperature (°C)
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Fig. 7. Effect of fiber concentration on thermal behavior of PU spray foams

Table 3.Effect of fiber concentration on cell thermal degradation

35-70 mesh fiber, php ~ Fd°C Td, °C

0 254 429
10 258 429
20 256 439
30 260 437
40 262 437
50 265 468
60 274 467

Effect of fiber size on foam thermal properties

TGA data were measured using six consecutive fiber lengths. T varied with the fiber
particle size, which was seen in Fig. 8. It was observed th&Whspray foam with long fiber
had higher thermal stability, attributed to the fact that long fdmmtained more —OH groups
exposed to the matrix forming a more complex network structurefuantioned as both chain-
extender and cross-linkers. Short fiber will decrease the amiantdct surface of the fibers with
the foam matrix, leading to less complex structural networks angl mestly cross-linkers. To
verify the above observations, the thermal degradation at 5% and &¥%egorded in Table 4.
The Tys0 decreased from 443° C to 410° C when the fiber length decreased.04 mm (20-35
mesh) to 0.175 mm (200-325 mesh). Moreover, their relationship was vergteelUnlike the
effect of fiber content, the fiber particle size had litttBuence on th&s. This finding proved
that wood fibers were involved in building high thermal stabilityctires regardless of their

length.
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Fig. 8. Effect of fiber size on thermal behavior of PU spray foams

Table 4.Effect of Fiber Particle Size on Cell Thermal Degradation

Fiber particle size, 20php  §,PC Tdo, °C

20-35 255 443
35-70 256 439
70-100 255 426
100-140 256 427
140-200 256 429
200-325 251 410

3.3.2 Mechanical properties of PU spray foams

Foam cell morphology has direct influence on foam mechanical piegpesuch as compressive
strength and tensile strength. Good cellular structure helps irersiisg tension under
compression and the applied stress. In our cage btown PU spray foam had fine cell structure

(see Fig. 9a). With the increase ofCHamount, the compressive strength had a linear increase.
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The cell walls of neat $¥© blown foam were thinner with the increase @OHoncentration. In
chapter 2, section 2.3.2 it was observed that higher water conteranmingy led to lower foam
density in which could be attributed to thinner cell walls. This eatdithe cell walls could not

bear the tensile stress and broke, which led to a loss in tensile strength as shgwh0n F

Although a small amount of fiber will not destroy the whole sgilicture (see Fig. 9b), some
stiff fibers still perforated the cell walls (Fig. 9c) andaabuilt disconnected struts (Fig. 9d). The
fiber reinforced PU spray foam had inferior compressive stnemgtlow fiber quantities
comparing to neat foam, where the compressive strength decreaise8d kPa for neat foam
down to 20 kPa for the foam with 10php fiber. On the other hand, the stif§ fitso interfered
with the cell nodes (see Fig. 11) by framing into the struts, thargh the frames of the cells
were not uniform according to its increased foam density ahgdizel Therefore, as more fiber
was introduced, they provided stiffer cusps to bear high compressegs, xhibiting superior
compressive strength as shown in Fig. 12. This finding in soy-basepray foams corresponds
to the behaviors of conventional PU foams with the introduction of fissiduwe reported by

Silva et al. (2010).



Fig. 9. Three-dimensional cell structures
a) Neat PU spray foam; b) 20php fiber reinforced PU spray foam; c) fiberdsoiat

cells; d) struts disconnection due to fibers
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Fig. 10.Effect of HO on foam mechanical properties
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Fig. 11.Fiber framed in cell struts
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Fig. 12.Effect of fiber concentration on foam mechanical properties

Unlike PU resin composites, PU spray foams have different regrfeent behaviors because a
high hydroxyl value polyol in PU resin composites leads to béetted strength (Desai et al.
2003). Obviously the —NCO groups of PMDI will react with primary —@bBlups in polyol with

priority (lonescu et al. 2008), and then react with secondary —OH gmuphe fiber surface
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(Pigman and Wolfrom 1948). Thus, wood fiber can interfere with thetioeabetween polyol
and PMDI. Moreover, the stiff fibers destroyed the cell stmest (Fig. 9c-d), leading to the
decrease of the tensile strength as soon as a small amdibdrofas presented. The value of
the tensile strength decreased from 95 kPa for neat PU ganaiytd 70 kPa as 10php fiber was
employed. Furthermore, the tensile strength continued to de@sasere fiber was introduced
after temporary improvement (Liu et al. 2009). Clearly, the desteueffect of wood fiber on

cell morphologies was determined by its amount.

Maximum compressive stresses at 10% deformation for six $iideciparticles are recorded in
Fig. 13 for 20php fiber loading. The trend of compressive strength dedrda a linear
relationship thereafter. The compressive strength decreased biyati%20.6 kPa for the 20-35
mesh fiber to 10.9 kPa for the 200-325 mesh fiber. ThereforesplPdy foam with 20-35 mesh
fiber showed a superior compressive strength. In addition to the cssivyerestrength, a similar
trend was also observed in the tensile strength curve. Although thedréber particles have
high surface area to expose more —OH groups in wood fiber to thenfadmx, the fiber size
greatly affects the mechanical properties of foams. The regddioam had achieved an inferior
tensile strength (89 kPa) due to the destructive effect of fipeisdlation in the foams as
described in Fig. 9c. Like a chain extender, 20-30 mesh fiber would betestfie contribute to
three-dimensional structures as well as seemingly high lickssexceptional to the above
mentioned destructions. Consequently, 35-70 mesh fiber produced superiorsteasgéh at the
value of 103 kPa from its moderate length and better cell morpleslogctually, very small
fiber particles will be powdered as a nucleation agent to create effective nucleation sites

(Guo et al. 2008). So, it was assumed that the shortest filleds @ a nucleation agent rather
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than extenders. Spray foams with the shortest fibers had mitseexpand more rapidly and

melt into large microvoids easily, leading to inferior tensile strength.
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Fig. 13.Effect of fiber particle size on foam mechanical properties

3.4  Conclusions

The amount of water present during foam preparation affectedetheéhermal stability by
forming more urea/biuret adducts. The more urea/biuret structuresased the hard phases in
the foams, exhibiting high compressive strength but inferior tessgagth because of poor cell

quality.

The amount of fiber had significant effects on foam qualifssmore fibers were introduced,
the foam had inferior tensile strength. However, Due to the fiteening within the three-
dimensional foam structure higher fiber concentration produced superngressive strength.
Meanwhile, the fiber reinforced PU spray foam had better thestaddility following the

increase of fiber according to their TGA results. Long fibkowsed better comparative
properties, to short fiber, by acting as a chain extender, whichilagett the foam with an

improved thermal stability.
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CHAPTER 4.0

Morphological and Physico-thermal Properties of Soy-based Open-cell Sy Polyurethane

Foam Insulation Modified with Wood Pulp Fiber



Abstract

Replacing polyether and polyester polyols with soy-based vegetable oil, usergasa blowing

agent, would provide environmentally friendlier spray foam insulationkingduildings safer

places to live in. The objective of this work was to produce sustair@gide-cell spray

polyurethane foam insulation from soy-based polyol and enhance itstgefry incorporation

of wood pulp fiber. The effect of wood fiber in composite foam wassinyated in terms of its

morphology by Fourier Transform Infrared (FTIR), Scanning Electracrddcopy (SEM), and

Thermo-gravimetric Analysis (TGA). The changes in foam pogee such as bulk density,
compressive strength, water vapor permeability and thermataese were observed. Addition
of fiber as reinforcement improved bulk density, moisture permeahiiid thermal degradation,

but slightly reduced the comprehensive strength and thermal resistancensithgan foam.

4.1 Introduction

High petroleum prices over the last two decades, along with saisii#ty of resources have
prompted the researchers to look for alternative renewable resdorgeoduce eco-friendly
insulation foam to be used in buildings. Soy oil, palm oil and castertoihame a few, exist in
plenty to be considered as potential replacements for petroctgroigaers. Soy-based polyol
generated from soy bean oil is gradually gaining indusimg@lortance as it contains high -OH

value make it more suitable for obtaining good quality spray foam insulation.

Soy-based polyurethane (PU) foams are produced by the reactsocghmate with soy polyol.
For water blown polyurethanes, foaming process involves two basitoreawhere isocyanate
reacts with a) polyol to generate the urethane linkages leanolingring and b) water to form

urea and carbon dioxide to expand the polymer. Rigid and flexible feaenthe two main
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categories in polyurethane industry. Open-cell spray polyurethame (®BF) is a rigid type of
foam, widely used as wall insulation in residential and commdpaiédings. It has the ability to
reduce heat loss and provide a good air/moisture barrier withctetgperaditional fiber glass
insulation, and to save energy for home owners. Two main components, compgonast
isocyanate and component ‘B’ as polyol, mixed with catalysts inajutdlowing agents, come
together at the nozzle of a gun and are sprayed between tlseo$tiine wall. It expands many

times of its liquid volume and solidifies in seconds sealing the wall.

In general, the performance of PU foam depends on hard and gokrseratio in copolymers.
Hard segments are those formed by the reaction of di-isocyasthteshort-chain diols. They
contain high density urethane groups of high polarity, and for that retmofam becomes
rigid. On the other hand, soft segments are shaped by the readtieisafyanate with the long-
chain diols, having low density urethane groups and polarity, and thesrefer flexible. They
usually have a phase separation due to the incompatibility betivedrard and soft segments.
The high polarity of hard segments generates a strong mtirdigtween them which forms a
high concentration and order in this phase, generating crystaltjimmsewithin flexible matrik
The crystalline areas have high levels of elasticity aricha cross linkers, whereas the flexible
or soft chains are more chain extenders and give longitudinal $tremgite polymer. When a
load is applied to the foam material, the soft segment phase would stretckhelnbrd segment

would carry the load and release it when the stress is removed.

The objective of this study was to develop an optimum formulatiomddupe open-cell soy-
based SPF insulation in the laboratory and to introduce wood fiber iasoréinforcement. The
fiber was incorporated in 13, 26, and 40 per hundred grams of polyol (phpy. Maearch

studies have demonstrated that fiber has strength and its addition would enhangefmatres.
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Though this effect has been reported for flexible and rigid fogmiittle is known about
introducing fiber in spray foam insulation. It was expected thatiaddif wood fiber would
reduce moisture permeability and would enhance R-value of the compositdrfdhia.study an
attempt has been made to incorporate fiber in open-cell spray ifogutation and try to
understand the fiber-polyurethane interactions at morphological levellaas its effect on the
physio-chemical properties of spray foaming. The benefits woultb lncourage the use of
sustainable and green materials, to reduce €@fissions, and to increase safety and comfort in

buildings.

4.2 Experimental

Materials

Bi-functional soy-based polyol (Soyol R-2101) was obtained fromhdret Soy Systems,
Volga, USA. lts viscosity @ 25° C was 2040 cps with hydroxyl vé@l@emg KOH/g. The
aromatic polymeric diphenylmethane di-isocyanate (Robinatev&8)donated by Huntsman PU
Geismar, LA, USA having functionality of 2.7, NCO content 31.5%, andsisc@ 25° C 190
cps. The surfactant and catalysts | & Il were also donatedibyroducts and Chemicals,
Allentown, USA. Distilled water was used as blowing agent. Mecia#iyi pulped medium
density wood fiber with average 1600 um in length was donated by FPlrowsyafianada. It
was grinded by Thomas Wiley Laboratory Mill, Model 4, to 400 pmeimgth to reduce the

impact of viscosity. The aspect ratio was estimated to be around 8.

Foam Preparation
Spray foam specimens were prepared by mixing soy-based polgobther ingredients with

isocyanate at room temperature in laboratory, which was panb@e mold for free rise. After
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two hours, the samples were removed from the mold and left for 48 lwwutdl fcuring under
ambient temperature. It may be mentioned that the quantity ahgikdients used in the
formulation was expressed as part per hundred grams of polyol (php). In casgos$iterimam,
at first fiber was mixed thoroughly with polyol and then other ingredi@and isocyanate were

added.

The first set of experiments was carried out to obtain neat.fdany samples were prepared
trying out different catalysts and surfactants of varying gtiestito arrive at the optimum
formulation. The amount of water had significant influence on the blowiglgavior and
formation of cell sizes. Then wood fiber was incorporated as regruent in 13php, 26php, and
40php. Attempt has been made to increase the concentration of wood fiber as muclblkestpossi
reduce the amount of raw materials and make the biofoam more eneirtatiy friendly. At
least four scenarios were prepared - one for neat foam and the fothber foam at the above

quantities.

Foam has been characterized by Fourier transform infrare®)Bpectroscopy to determine the
behavior of different functional groups present in the polymer structmecker infrared
spectrometer with resolution of 4 ¢rand 32 scans for signal averaging was used to record the
spectra of the samples. Cellular structural observations have laeknwith Hitachi S-2500 as
well as Hitachi TM-1000 Table-top scanning electron microsc&BM). Thermal degradation

of neat and composite foam samples have been investigated usingIgraximetric Analyzer

Q 500 at heating rate of 10°C/min. in nitrogen atmosphere. Decompotgtigreratures at
different weight loss percentages have been recorded. The Bidokiseosity Test (BVT) was
utilized to measure the viscosity of polyol with added ingredients kRramsrcomponent ‘B’. The

ingredients were catalysts, blowing agent, surfactant and fidesré applicable). The mixture
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was poured into a glass jar and placed under a viscometer. Theveze performed for 30
seconds at ambient temperature with spindle number 64 and running sp®ednof 100 RPM

and averaged.

The American Society for Testing and Materials (ASTM) procesluvere utilized to evaluate
the effect of fiber on physical and mechanical propertiesparinfsamples. At least five samples
were considered for each test with £3% error. The bulk densityeofoam was estimated by
direct measurement of volume and weight of the samples accaidgGTM-D1622. The
compressive strength was determined in accordance with ASTM-DIB22lest was carried out
using INSTRON 3367 equipment with crosshead speed of 2.5 mm/min. lahahdeof 2 kN.
The square specimens of 50 mm x 50 mm cross-sectional dimensions rand tBtckness were
used for both tests. Water vapor transmission property plays an impoosta in assessing
moisture permeability of foam insulation. The test method is seedii ASTM-E96. A foam
specimen of 25mm thickness, was sealed to the open mouth of an imgeradish containing
water and placed in a desiccator containing saturated calcitater(as desiccant) to maintain a
relative humidity of 50% at all times. The whole assembly \wksed in atmospheric
temperature. The test dish was filled with water to a levah@bfrom the specimen having a
mouth area of 12.6 cm X 12.6 cm. and defined as the area of the epepiposed to the water
vapor. Periodic weighing of dish assembly determined the rateatdér flow through the
specimen. As foam insulations are rated in terms of thestagsie to heat flow, the thermal
resistance and R-value of foam samples were determined ondaoce with ASTM-C518, by
means of the heat flow meter apparatus and in conjunction with AST0A5 standard practice
for calculating thermal transmission. Laser Comp FOX314 Heaw Mlleter instrument was

used.



4.3  Results and discussion

A series of neat and wood fiber SPF samples were preparedlt@ie the effect of wood fiber
on physical and mechanical properties. They are summarized iea Tabhe same formulation
was used in preparation of all samples including fiber foam. It was observediditain of fiber
delayed foam creaming compared to the neat foam and increased khdehsity as fiber
content was raised. During foaming process fiber could be amsimgheterogeneous nucleating
agent producing smaller cell sizes, thereby increasing dhen fdensity>. To verify this
reduction due to addition of fiber, the average cell diametersngilea were measured utilizing
SEM images and Image J software. It was determined thatlilecreased from 184 um for the
neat foam to 170 um for the fiber foam (Figure 4). On the other hanthressive strength of
fiber foam was reduced compared to neat foam. The strengthiceduets about 7% to 28%
depending on fiber content. Higher fiber content resulted in lesskeiction in strength. The
presence of fiber as nucleating agent not only generated siellisizes, but also reduced the

cell wall thicknesses and lowered the compressive strength.

The performance of PU foam also depends on the quantity and quatitpsstlinks formed

within the polymer network. Higher cross-links give rise to highempressive strendth

Reaction of di-isocyanate with multifunctional polyol and water setml the formation of
urethane and urea linkages that are highly cross-linked network. Ureth@nelastomers with
combination of hard and soft segments whereas urea polymersrarghba chains and bridge
urethane units. In a more balanced and stable polyurethane struattinapnarchain formations
are greater or equal to that of urea production in order to cregtod hydrogen bonding

between N-H groups (acceptors) and C=0 groups (donors) within therketThey are cross-
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linked together into a single networked molecule that is hard tk lzne@ can withstand the

pressure in a more effective marfher

To understand the chemistry between these two hard segment ,gfoaims samples were
analyzed by FTIR spectroscopy. Figure 1 represents peak absergti urethane carbonyl
groups at 1740 cthand urea carbonyl groups at 1660 crit was observed that for the neat
foam the concentration of urethane carbonyl groups had increased,thditilof urea carbonyl
groups had decreased. This is an enhancement to the foam. The aafdiiiien had reversed
this process by decreasing the absorbance of urethane carbonyl fjitayeed by increasing
the urea carbonyl groups. For an unknown reason, fiber hystericatlgrbah the reactivity of
isocyanate with polyol causing less formation of urethane lirkkagel promoted the blowing
reaction increasing the urea. They did not interact in aniggffienanner. Thus the fiber foam
network did not generate enough urethane elastomers to support argtemogk to carry the
applied stress and thus lowered the compressive stféndthmay be noted that this slight

reduction in compressive strength is less important in spray foam as wadltimsul

Thermal resistance and degradation of sample materials hameirbestigated to observe the
behavior of fiber in foaming. According to the US Department of ggnensulations are rated in
terms of their resistance to heat flow (also known as R-valu®).higher the resistance, the
greater is the insulating effectiveness. The analysis eddhht thermal resistance of the foam
has decreased slightly when fiber was embedded. The lowewityaatipolyol with isocyanate
has diminished the foam cell strength and formed a weaker thressional structure of cell
walls. The cross-linkages in polyurethane solid structure weaemed to such extent that less
carbon dioxide could be trapped inside the foam during foaming procesmalhesistance of

foam would be greatly improved if more diffused gas could get trapsede. As more air
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replaced the escaped carbon dioxide, the thermal conductivity of tkeahatas increased and
resulted in lower thermal resistance and R-valdewever, both thermal resistance and R-value
measurements of open-cell spray foam with or without fiber metthe commercial foam

values and were in accordance with minimum requirements specified by CANSUQE-09.

Thermal gravimetric analysis determined degradation behavior obdniof Temperatures at
different percentages of weight loss were recorded as stmowatbie 2. Both neat and composite
foams experienced a two-stage weight loss behavior supplementaa gajor endothermic
peaks representing urethane and urea bond degradation. The initial legraidiam started at
about 250°C (at 5% weight loss, T5), and was delayed slightly atrHeyheds of fiber content.
As temperature was increased, urethane linkages and urea bonedd Btadecompose, as
indicated by two endothermic pedksThe recorded data indicated that degradation temperatures
have been delayed at 50% and 75% weight losses (T50 & T75) fobérdam. All samples
experienced significant weight losses at 600° C at relativatyespercentage. Hence, it was
obvious that the fiber had positively influenced thermal behavioh@fféam and delayed its
degradation temperature. This effect increased as fiber contéeninereased. This suggested
that some O-H groups on the surface of fiber must have reactedNAC-O groups of
isocyanate, increasing urethane formation beyond polyol and isocyaaat®n. FTIR spectra
in Figure 2 also revealed that free N-C-O group peaking at 2270nere diminished in fiber

foam system. Therefore, fiber foam system had more thermal stabilityrithaeat foam.

Water vapor transmission property plays an important role irssiagemoisture permeability of
foam insulation. This is the rate of water vapor flow through wueia ®f a flat material of unit
thickness under specified temperature and relative humidity corditi® water vapor moves

from a warm interior through the insulation material to a coalefase, it gets condensed as
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liquid water. The condensed water not only reduces the thermali\edfess of the insulation
but also damages the foam structiren order to measure water permeability through each foam
samples, an apparatus was constructed and the flow of water wagomeasured during
different time intervals. The effect of moisture permeabibty various foam samples were
determined and tabulated in Table 1. It was demonstrated thatqgeesfewvood fiber in foaming
would enhance the foam quality by restricting the flow of watgyor through the foam. The
permeability was decreased with increase in fiber content duggésat fiber acted as moisture
barrier in foam insulation. Although the incorporation of wood fibers iseddahe water vapor
barrier property of the foam, it might increase the water ghisorattracting molds. However,

this effect can be minimized by addition of antifungal agents in foaming.

To justify the effect of fiber in foaming structure, SEM observations have bade.migure 3(a-
b) represents SEM images at 13php and Ophp wood fiber content. It was dlikatwbe non-
fiber foam had cell structures generated in random and irreghudgoes, whereas the fiber foam
cells formation were smaller and more homogeneous. The averagkaocstter of fiber foam
system was estimated and is shown in Figure 4. SEM imageselealed the interaction of
fiber with matrix polymer as indicated in Figure 3(c-f). Fibgeracted with matrix polymer and
dispersed within cell walls but it was also detected stand@syfwithin the foam structure with
no interaction. The O-H groups on the surface of the fiber mbastdh N-C-O groups of
isocyanate just like O-H groups of polyol and exhibited some comljigitibith the polymet?®.
This effect has been seen by the reduction of free N-C-O grau275 crit in FTIR
observation. However, this interaction between the fiber and polyratix was not significant
to create enough adhesion to improve compressive strength andeRevahe composite foam

system. This effect could be attributed to the presence cdsnaxd to some extent to lignin and
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hemi-cellulose in wood fiber. Lignin —OH is difficult to access hrthi-cellulose is short chain

with lower molecular weight so, interaction is less.

Presence of fiber also influenced creaming behavior duringodmming process and reduced
slightly the rising height of the foam. This was attributechedecreased formation of urethane

linkages in presence of wood fiber.

Aspect ratio and concentration of fiber play an important role in faanforcement. Although
longer fiber length would provide better reinforcement, it woulshte high viscosity problems

in polyol componerif and could not be sprayed with conventional spray guns. Thus, pulp fiber
had to be grinded to optimum length of 400 um to keep viscosity incregsgyof component

at minimum. As the fiber content was increased, so was the Njsdbsvas observed that the
increase in viscosity would be about 10% if fiber concentration remader 20% php and it
could still be sprayed by conventional guns. Incorporation of more fdreeptages in foaming
requires modification to present spray foam system, when it woalthi® possible to spray the

fiber simultaneously with the polymer matrix.

4.4  Conclusions

Spray Polyurethane foam was successfully produced in the labowaitbrysoy-based polyol
matrix and water as blowing agent. The neat foam was reedowrith wood fiber as much as
possible and its impact as reinforcement was investigated. Tloaiohade by this formulation
had comparable properties; same or even better than commeawiailigble spray foams. When
fiber was embedded in spray foam, the analysis indicated thatwmdgd fiber was less
compatible with the matrix, and its presence slightly intedewith hydrogen bonding between

urethane linkages during foam formation. As cross-linked urethan¢éoralrs were not
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promoted enough, the comprehensive strength and thermal resistanedibér foam were not
enhanced in comparison to the neat foam. However, the density ofddmrwas increased as
more homogenous and smaller cells were formed as a result oatmgleffect. Addition of
fiber also enhanced the foam and delayed the thermal degradatiomols$tare permeability
was greatly improved in fiber foam system indicating that fduted as a good moisture barrier
enhancing the foam quality. Although this property was improved ghimihave absorbed
moisture and increased the possibility of mold formation. This teffeald be minimized by
antifungal agents in foaming. Though it was possible to achieve ibigghcontent spray foam of
up to 40php without major impact on foaming reactions, the analysis deateddtnat the fiber
content may not exceed more than 26php in order to achieve optimumityisodse able to
spray with conventional spray gun system. However, the spraying teglremuld be improved

to accommodate more fiber content in foaming.
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Table 1
Physico-thermal properties of neat and composite polyurethane spray foams.
Foam type Average Average Water Vapor Thermal R-Value (US)
Density | Compressive| Transmission | Resistance at (h.ft?.°F/Btu)
(kg/m?) strength (g/h-nf) 25mm
(kPa) thickness
(K.m%/W)
Neat Foam 20.99 23.70 3.77 0.604 3.43
13php wood 20.60 17.02 2.50 0.535 3.05
fiber foam
26php wood 24.80 18.35 2.25 0.550 3.11
fiber foam
40php wood 26.97 22.10 2.18 0.500 2.85
fiber foam
Table 2
Thermal degradation analysis of spray foam insulation.
Degradation Temperature (° C)Residue in %
Foam Type @ 600° C
T5 T50 T75
Neat Foam 253 376 458 12.27
Fiber Foam 250 370 458 12.75
WF13php 400
Fiber Foam 247 380 460 11.50
WF26php 400
Fiber Foam 261 384 462 12.91
WF40php 400
Wood Fiber only 206 353 380 12.04
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Figure 4. Average foam cell size (micron).
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CHAPTER 5.0

Morphological and Thermo-mechanical Characterization of Open-cell Spray &yurethane

Foamed Wall Insulation Modified with Cellulose Fiber



Abstract

Open-cell spray polyurethane foam insulation was prepared usingasey polyol and water as
blowing agent. Cellulose fiber was embedded in polymer matrigiaforcement and the effects
of fiber on morphological changes, as well as thermal and meahamaperties of the foam

insulation were investigated. The foam was characterizedlaiacdevel by FTIR and SEM and

it was demonstrated that incorporation of cellulose fiber in opériezgh insulation altered the
foaming structure. Cell density increased and became more horoge@®mpressive strength
and thermal resistance of the composite foam were improvedwat Ifiber concentration.

Moisture permeability was reduced. At higher fiber content ¢ivefarcement effect weakened

due to agglomeration of fiber.

5.1 Introduction

Polyurethanes were developed by Bayer Company around the year 1886.dtsuccess story
and formed the basis for a present multi-billion dollar busines®iworld today [1]. Since then
manufacturers and pioneers of polyurethane dedicated a great desgaich for improvements,
but in spite of many discoveries, there has been little chanthe toriginal work. Polyurethane
foams are currently used in many applications depending on thegoci&s such as flexible,
semi-rigid and rigid. They are mainly used in transportation, fumit@nd construction
industries. The control of parameters such as chemical compodtioctionality of the
materials and molecular weight would produce a wide variety oh foges with significant

differences in properties.

Spray polyurethane foam (SPF) is a type of rigid foam widebd uss wall insulation in

residential and commercial buildings. It is applieesitu with a special blending machine and a
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spray gun. It has two components, component ‘A’ as isocyanate and comfiresjpolyol.
They come together at the nozzle of a gun, which is then spoayda wall. It quickly expands
to many times its original volume and solidifies in seconds,cefEy sealing the wall.
Although it sets in about an hour, full curing is reached after 24 hours. It adheraadvieds the
ability to reduce heat loss through walls, thus saving enenglidme owners. It acts as an air
and moisture barrier, and provides effective thermal insulatiompelt®rmance is superior to
commonly used fiber-glass insulation. It also contributes to the wwtalicstability of the
building, due to its superior adhesion properties. Many studies in Ui¢atad that the racking

strength of building structures can be increased by applying SPF insulation.

Main raw materials used in the preparation of PU spray foamenved from petro-chemical
products. Efforts to replace them with alternative natural andisable resources have been
accelerated during recent years. Polyols derived from vegetdblarei considered a potential
replacement due to their attractive properties. As spray foamation is gaining popularity,
enhancement of mechanical properties becomes an important considesatitey are usually
weak. Many researchers have demonstrated that addition of &isecdmtributed to the foam
quality in flexible and rigid foaming, but little is known about attucing fiber in spray foam
insulation. In this study, an attempt has been made to produce SPBdyemased polyol and
water as blowing agent with incorporated cellulose fiber in polymer matrigiaforcement. The
potential improvement of SPF properties and the effects and imberaadt fiber in foaming
process were investigated. The benefits would be to encourage tbbsustainable and green

materials to increase safety and comfort in buildings.

5.1.1 Open-cell Vs closed-cell foam
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SPF is either closed-cell or open-cell, referring to therniadestructure of the foam. In closed-
cell forms almost all the foam bubbles remain closed and théhghaforms during the foaming
process gets permanently trapped in the cells. In open-cell thentsubbles are mostly open or
ruptured and the diffused gas could escape from the cells durinfpaheng process. The
advantages of closed-cell foam with respect to open-cell foalmdmats strength, higher R-
value, and greater resistance to the leakage of air or wagter. The disadvantages are that it is
denser, requires more material, and is, therefore, more expensivehdibe of foam can also be
based on the requirements of performance or application spdwfiaateristics such as strength,
vapor control, available space, etc. Open-cell SPF has an R-aaluad 3.3 per inch and
typically weighs about 0.4-0.6 Ib./cu. ft. and is usually used indoorse@iosll SPF has an R-
value of around 6.0 per inch and typically weighs about 1.5-2 Ib./cu. ft. an@imdynused

outdoors.

5.1.2 Polyurethane foam reactions

The isocyanate group (-N=C=0) is an unsaturated and highly reaptwp containing two
double bonds. It can react with both electron acceptor and electron dantiothal groups. The
main groups reacting with isocyanate are hydroxyl, carboxyl amithcagroups. Isocyanate

undergoes two types of reactions in the foaming process - primary and secondary

Primary Reactions

Primary reactions are fast and performed at lower tempesatompared to secondary reactions.
At first, the isocyanate (-NCO) group reacts with the hydr@®H) functional group of polyol

to form urethane (—-NH-CO-O-). This reaction is an exothermicnpetization reaction. During
this exothermic process, the isocyanate reacts with a blowjegt Zuch as water to generate

carbon dioxide, as per the reaction scheme | below, to causeodne to rise during
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polymerization reaction. First isocyanate groupG@y reacts with water to generate Carbamic
acid which is unstable and immediately decompdeesiing an amine and carbon dioxide. The

amine (R-NH) reacts again with another isocyanate group tdywre urea linkage.

R-NCO + R'-OH R—NH-CO-0O-R’ (Urethane)

R-NCO + I—%O R—-NH-CO-OH (Carbamic Acid)

R—-NH-CO-OH R—NH2 + CO2

R-NCO + R—NH2 R—NH-CO-NH-R (Urea)
Scheme |

PU foam reaction is a unique process in which pelypation and foam blowing occurs
simultaneously. Polymer structure forms rapidlyrder to support the fragile foam, but not fast

enough to burst the bubbles.

Secondary Reactions

Isocyanate reactive groups further react with @e¢hand urea groups to form allophanates and
substituted biurets respectively [2]. The secondaagtions of isocyanate leads to cross-linking,
and the resulting polyurethane becomes more rididus temperature control during
polyurethane synthesis is critical to control sel@g reactions and thereby cross-linking.
Allophanate linkages may or may not be reversidigpending on many factors such as the

nature of catalyst or NCO/OH ratio as schematicsttigwn below (Scheme II)

R-NH-CO-O-R’ + R-NCO R—NH-CO-NR-CO-0O-R’
(Urethane) (Allophanate)

R—-NH-CO-NH-R + R—-NCO R—NH-CO-NR-CO-NH-R
(Urea) (Biuret)

Scheme Il



5.1.3 Hard and soft segments

The structure of PU contains hard and soft segments which conttibute rigidity and
elastomeric properties, depending on the ratio of these segmectpolymers. In the early
stages of polymerization, the reaction of polyol with isocyanaséoiser than that of isocyanate
with water due to secondary hydroxyls present in soy-based pdlyelgenerated urea linkages
from the later reaction are able to start phase separaidgod §egments) from the liquid matrix
due to its ability to form strong hydrogen bonds between themselvesodks as the polyol-
isocyanate reaction proceeds, the soft phase formation startsedhdner links bonds the soft

and hard segments together.

The hard segments are mainly crystalline, having urethane groaipare cross-linked through
hydrogen bonding with urea and other urethane linkages [3]. The gofesés are the fatty acid
linear sections of polyol structure stretched in coil shape witi@rpolymer profile, and provide
elastomeric quality within the matrix network. While hard segts are highly crystalline, the
soft segments are comparatively mobile. The presence of thegghtses in the same molecule
can alter the properties of flexible and rigid foaming. Upon nm@Echbhdeformation, the soft
segments are stressed by uncoiling, and the hard phases becoreé @ithe stress direction.
This reorientation of hard segments and powerful hydrogen bonding corgribdtgh strength,

elongation, and tear resistance of the foam structure [4, 5].

5.1.4 Fiber as reinforcement

Polyurethanes are reinforced with synthetic or natural fibersenhance their properties.
Synthetic fibers such as nylon and glass fibers are made ofgtetmicals with a good elasticity
and strength. As society becomes more environmentally conscious, figenaisuch as wood

and cellulose fibers replace synthetic fibers. Their beneftsreinforcement in composite
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materials are sustainability, low cost, biodegradability and logrgy consumption. The effect
of reinforcement depends on a variety of parameters, such as offilver, aspect ratio and

interaction of fiber with the polymer.

In recent years, a great deal of research has been dedicatesl use of cellulose fiber as
reinforcement in polymers. It is extracted mainly from wood, higiMgilable around the globe
as a sustainable resource, and used in various applications. This fstuges on the
incorporation of cellulose fiber in spray foaming at low and high cdretgans, and evaluates
its impacts in foaming. The average length of cellulose f®&50 micron with aspect ratio of

about 26 which provides the best compromise between viscosity increase and regribrcem

5.2 Experimental

5.2.1 Raw materials

Multi-functional soy-based polyol (bio-polyol-X500) was purchased frargill Industrial Oils

& Lubricants, Chicago, USA. lIts viscosity @ 25° C was 3200 cps witliaxyl value 56 mg
KOH/g. The polymeric diphenylmethane di-isocyanate (Robinatevd4) donated by Huntsman
PU Geismar, LA, USA having NCO content 31.5%, viscosity @ 25° C 1¥) and
functionality of 2.7. The catalysts | & II, as well as thefactant, were donated by Air Products
and Chemicals, Allentown, USA. Blowing agent used was distillater. The cellulose fiber

was purchased from Sigma-Aldrich having the average length of 350 pum.

5.2.2 Foam preparation
Spray foam specimens were prepared by mixing soy-based polyabther ingredients for 5
minutes, then adding the isocyanate and mixing it for an addit8@nséconds in the laboratory.

The mixture was poured into a mold for free rise. After one hoursdhgples were removed



8
from the mold and left for 48 hours for full curing under ambient teatpes. It may be
mentioned that the quantity of all ingredients used in the formulatas expressed as per
hundred grams of polyol (php). Then cellulose fiber was embedded imipaml3php, 26php,
and 40php concentration. At first fiber was mixed thoroughly with pdiyoR0 minutes and
then other ingredients and isocyanate were added accordingljnpAtieas made to increase the
concentration of cellulose fiber as much as possible to make tlieabiomore environmentally

friendly and to reduce the amount of raw materials.

5.2.3 Characterization

The bulk density of the foam was measured in accordance with A3IB22 with sample size
of 50 mm x 50 mm x 25 mm, and an average of six measurements was recorded. The density w
calculated by dividing the weight of the sample by its volumatéiapor transmission of foam
was measured using a desiccator containing saturated caldnate for maintaining a relative
humidity of 50% at all times. A foam specimen of 25mm thicknesssgaled to the open mouth
of an impermeable dish containing water and placed inside the atesiamnder ambient
temperature. The test dish mouth had an area of 126 mm x 126 mm, defitedaaea of the
specimen exposed to water vapor. Periodic weighing of dish assemlyhe test method
specified in ASTM-E96 determined the rate of water flow throughdpecimen. The cellular
morphologies of the foam system samples were investigateditaghH S-2500 as well as
Hitachi TM-1000 Table-top scanning electron microscopy (SEM). pkssnwere freeze-
fractured in liquid nitrogen and coated with gold before observation. Ithagéware was used
to determine cell sizes. Viscosity of polyol components was me@dsunder normal temperature
of 25° C using Brookfield Viscosity Machine (BVT). The ingredien®ravpolyol, catalysts,

blowing agent, surfactant and the fiber (where applicable). Tikiima was poured into a glass
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jar, placed under the viscometer, and the test performed for 30 secidmdpindle number 64
and running speed of 50 and 100 RPM, and then averaged. Fourier transfanedigFTIR)
spectra of the foam samples were recorded using Brucker inBpestrometer to measure the
concentration of functional groups in polymer structure. A total of 3Assavere taken with a
resolution of 4 cnt in frequency range of 4000 — 400 ¢nThe thermal resistance and R-value
of the specimens was measured using Laser Comp FOX314 HeatMdtav instrument
according to ASTM-C518. The compressive strength and modulus of the fedemswas
measured by INSTRON 3367 equipment in accordance with ASTM-D1621. ©kshead
speed was 2.5 mm/min. and cell load of 2 kN with sample dimensionsmfrb® 50 mm x 25
mm. The force required for 10% deformation of the original thickhas$een considered as the

compressive strength of the foam.

5.3  Results and discussion

5.3.1 Effect of viscosity during foaming process

Viscosity of a liquid is its resistance to flow. The presencébef in the polymer reduced the
ease of flow and increased the viscosity of the matrix to-Bk&aconsistency. High viscosity
affected the rising height and gel time of the foaming process. Gel tilme ssarting point of gel
formation and production of urethane cross-links till the full expansfaime foam. Gel time
increased with fiber concentration in foaming, suggesting thiatstbh was reduced across the
interfaces [6]. The rising height is the height of a free-asllular plastic to achieve its ultimate
expansion under certain conditions [7]. The rising height of the f@anples were examined
and recorded after each curing time. The results indicatedshiaé diber content was increased

the rising height of the fiber foam system was reduced piopately compared to the neat
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foam. This obviously led to the foam volume reduction as a whole. i§hesities of the polyol

components with various fiber contents were measured (by Brookfield) and shown id Table

Table 1. Impact of cellulose fiber concentration as reinforcement in foamtiosula

ltem Neat 13php 26php 40php
Foam cellulose cellulose cellulose
foam foam foam
Rising height, (cm) 15.5 15 13 11
Reduction in Volume (%) 0 3 13 28
Gel Time (Second) 40 50 60 75
Viscosity Increase (%)
(Polyol Component) 0 10 16 175

The orientation, concentration and aspect ratio of fiber would affecpérformance of the
reinforced composite foam. Although longer fiber length would providerhetinforcement, the
optimum fiber length was found to be around 400 micron in which to obtasonably good
fiber dispersion without increasing the matrix viscosity sigaiftly. The results showed that if
the fiber concentration remained below 26php, the viscosity increase bwaloout 16%, and it
would still possible to spray it using conventional spray guns. Incdrporaf fiber more than

this amount requires technological advancement to the present spray foam syste

5.3.2 Density and compressive strength
Both neat and composite foam samples were prepared with the@amation and analyzed to
investigate the changes in density and compressive strengtht@m®p&hey are illustrated in

Figure 1-4 and presented in Table 2. Incorporation of cellulose fiberased the bulk density
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of the composite foam significantly (up to 60%) compared to the oeat.fThe effect of fiber
on density is more pronounced for lower dosage of fiber, and this &kiecmes practically
insignificant with further increase in the fiber content beyond .Z6B# initial increase in foam
density might be attributed to cell nucleation and heavier mass of the fiisenyfiothesized that
the presence of fiber led to the process of heterogeneous trargleproducing smaller
homogeneous cell sizes within cellular foam and thus increaséncetl density [8-10]Surfaces
promote nucleation because of wetting. Using Image J softwarayeénege diameter of the cells
in composite foam was observed to be smaller than the neat onpst®yB%. Secondly, when
fiber was embedded in foaming, although there was interaction omnirflaees of fiber with the
polymer, fiber remained as a heavier solid material withinfdaen and could contribute to the
density increase too [11]. As density was determined by masyoene, the increase in foam
mass was proportional to the fiber content. The fiber mass alasestimated to be at least ten

times heavier than the neat foam mass.

It was further evidenced that addition of fiber led to the shrinkdgtheo composite foam
compared to foam without fiber. The rise-height was reduced bfoB%3php, 13% for 26php,
and 28% for 40php in the fiber foam system. It appeared that fileemced the molecular

chain packing and mobility in the composite foam system.

ﬁ.'E

Figure 1. Effect of fiber content on density of the foam.




Figure 2. Polynomial fitted line plot of density as a function of fiber content

‘AEN]

Figure 3. Effect of fiber content on compressive strength of the foam.

Figure 4. Polynomial fitted line plot of compressive strength as a functiobesfdontent.

12
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When a load is applied on a foam material, it will graduallgdmpressed, and the stress-strain
curve experiences three regions of deformation - linear etgstitateau and densification [12].
The behavior is linear elastic under 5% of strain and as tdedaacreased, the foam cell walls
begin to collapse (plateau region), until the opposing walls in tHe ©elet one another to
elevate stress rapidly (densification region). Under the Itedutethane soft segments stretch,
while the urethane hard segments carry the load and releadeerit the stress is removed.
Therefore, it is important to have sufficient amount of urethane deskahat contain both

segments within the network structure of PU foam.

The compressive strength of the composite foam system showed imgrdvewith
incorporation of cellulose fiber. It can be explained by the tfzatt cellulose fiber containing a
large number of hydroxyl groups could form hydrogen bonds or other chevoicd$ with the
matrix, contributing to the foam enhancement. There were threénfrdroxyl groups available
in each monomer of cellulose chain which could easily interabtigdicyanate active groups at
the interfaces, and increase cross-linking within the foam netwarilustrated in Figure 5a &
5b of the SEM images, fiber was well embedded in the cell avallinteracted firmly with the
matrix. This suggested that high strength of cellulose fiakemg with efficient interaction
between matrix and the fiber, enhanced the composite foam corapressingth. However, as
fiber concentration was increased above 26php, dispersion becamdesmprobe hydrophilic
cellulose fiber was agglomerated and resulted in less number iE#bdednydroxyl groups for

fiber-matrix interactions.

Figure 6 represents FTIR spectra of neat (without fiber)camdposite foams. The absorption
peaks of urethane at 1740 ¢rand urea at 1660 chindicated a good balance between the hard

and soft segment production during foaming process. It seemed tleaefgrurea link, an equal



amount of urethane was generated to link them begetnd eliminate the phase separation [13].

As a result a strong network structure was formbaatiwcould carry more load capacity.

Table 2. Mechanical and thermal properties of egahspray PU foam insulation*.

Foam Type Density Compressive | Modulus of | Water Vapor| Thermal R-Value (US)
(Kg/m®) strength Elasticity Transmission | Resistance | (h.ft?.F/Btu)
(kPa) (kPa) (g/h-m?) (K.m%W)
Neat Foam| 35 (£4) | 40 (£10) 700 3.77 0.61 3.43
CF 13 php | 46 (x1) | 54 (1) 908 2.15 0.65 3.69
CF 26 php | 57 (£2) | 50 (£5) 861 1.63 0.57 3.19
CF 40 php | 54 (£2) | 50 (x4) 846 1.30 N/A N/A

*Number of samples tested for water vapor transioniswas 1 and for thermal resistance were 2.

b)

Figure 5. SEM cellular foam images a) and b) Fawempatibility c) Free fiber detection.
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Figure 6. FTIR spectrum peaks of urethane carbgnylips at 1740 cthand urea carbonyl

groups at 1660 cih

Statistical Analysis

Properties of bio foam insulation vary with fibesntent. To establish a relationship between
variable Y (property) and variable X (fiber confeahd to assess the validity of that relationship,
the regression analysis has been performed. Trervazbdata were plotted with their best fitted
lines. R value for density of cellulose fiber was 0.90, e¥hivas statistically significant at 95%
confidence level (=0.05), representing inter-dependence between\asthbles. The regression
fitted line indicated that density would increasghvaddition of fiber in foaming. On the other
hand, the R value of compressive strength was found to be @Bich was statistically
insignificant and could not be explained by the slodHowever, the trend line showed that

addition of cellulose fiber slightly improved theropressive strength of the composite foam.
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5.3.3 Thermal resistance and R-value
Thermal resistance of a material is its resistance tofloga Foam insulations are rated in terms
of their resistance to heat flow or R-value. The higher thstaexe, the greater is the R-value
and insulating effectiveness. The open-cell foam samples weyzedy heat flow apparatus
in terms of their heat conductivity and heat resistance, andhdegst their R-values. Table 2

shows R-values of the foam samples with and without fiber.

Results revealed that thermal resistance and R-value of theostienfoam system have been
slightly enhanced at 13php fiber content, and then reduced slightly l.ZBpermal resistance
of the foam would be greatly enhanced if less air could get into the system ispddoed by the
escaped carbon dioxide [14]. During polyurethane foaming reaction tb#oreaate of soy-
based polyol with isocyanate is slower than the reaction between aval isocyanate. As fiber
embedded in foaming, the viscosity increase further delaysdpblyol-isocyanate reaction,
forming a weaker three-dimensional foam network which was legabte of holding the
pressure of carbon dioxide generated from the reaction. This daaymwasured during foam
preparation by gel time. The gel time was increased from elihde (neat foam) to 50 seconds
for 13php, to 60 seconds for 26php, and 75 seconds for 40php fiber foams (Taddéoh s
5.3.1). Although the cell density increased in composite foam, mdstacel raptured in open
cell foam (85% to 90%) and the diffused gas could easily be replageair convection
(especially when polymerization reaction is retarded) and iseréd@rmal conductivity [15].
Natural fibers are also perforated materials and their pcesen foam provides additional
passages for the diffused gas to escape. Therefore, fiber filanower carbon dioxide content

could have lower R-value and higher thermal conductivity. However, both thernstémes and
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R-value measurements of the neat and composite foams weretabawenimum requirements

specified by CAN/ULC-S706-09.

5.3.4 Moisture permeability

Open-cell spray polyurethane foam is airtight foam insulatione@ris cured, it acts as a good
moisture barrier layer. However, condensation occurs when water wapags through the

insulation from warmer to a cooler area and affects the theeffialency of the insulation.

Therefore, moisture permeability becomes an important propethedbam insulation and can
be measured by the rate of water vapor flowing through the foaterial of unit area and

thickness under particular temperature and humidity conditions [16].

Water vapor transmission test was carried out to measureuneoirmeability of the foam
system. An apparatus was built and the permeability of water wapmrgh the foam sample
material was recorded during different time intervals. I whserved that the passage of water
vapor through the composite foam materials was significantly}ceedoompared to the non-fiber
foam (Table 2), suggesting that cellulose fiber restrictedidle of water vapor. The moisture
permeability was proportionally decreased with the increaseber ioncentration. Figure 7

illustrates slope of the lines representing rate of water vapor trasiemisr the foam system.

Figure 7.Rate of water vapor transmission for the foam system
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The reduction in moisture permeability could be attributed to two factorlyFas water vapors
were permeated through the composite foam, some were absortied filyer, allowing less
water vapor to pass through. Cellulose is known for high moisture alosoripéicause of
hydrogen bonding between hydroxyl groups in fiber cell wall and wat#ecules. This action
led to fiber swelling or moisture build-up in the fiber, and also infitter-matrix interface [17].
Secondly, incorporation of fiber increased the cell density o€tingposite foam and generated

smaller cells (as discussed in section 5.3.2) and delayed the water vapor flow theougids.

5.4  Characterization of composite foam system
The knowledge of foam cellular structure aids in improving its teherand mechanical
properties. Addition of fiber requires morphological analysis to olesteg effects of fiber in

foam insulation.

5.4.1 Morphological characterization of composite foam

The fiber used in PU foam must have a good compatibility with elected resin in order to
provide a good reinforcement. Synthetic glass and nylon fibersyarthesized from petro-
chemical substances and are mostly hydrophobic and strong, makingdhgratible with the
resin and improving the strength of the matrix. But natural ce#ulard wood fibers
compatibility have always raised question amongst researcidnsost all resins are
hydrophobic and not compatible with hydrophilic character of natuberdi This creates
weakness in adhesion and wettability between the fiber and thengmlgnd results in poor

mechanical properties of the composite products.

Fiber size and dispersion of fiber within the matrix signifioardffect the strength of the

composite foam as well. A small fiber size with low aspatio holds a larger surface area
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which could be non-reactive to the matrix, creating more stresgspand resulting in weak
material strength. While long fibers provide more reinforcentsar short fibers, the latter have
less impact on the viscosity of the mixture. Thus a greateruaimof short fiber could be
incorporated in the mixture at a given viscosity to achieve higlefiorcement. Short fibers also
provide a better dispersion within the matrix than long fibers. Theocahfnicroscopy image
(Figure 8) shows that although the fiber was distributed fairthiimvthe composite foam, the

dispersion was not uniform. The agglomeration of fiber (dark areas) could bg sksaml

7 3

=

Figure 8. Confocal microscopy image of fiber dispersion.

It is well known that hydrogen bonding contributes a great deal tardgegth and modulus of
PU foam network. If foam molecules react with cellulose ftheough the reaction between the
isocyanate —NCO groups and the —OH groups on the surface of théh@grdenerate additional
cross-links. This is a positive effect. If the fiber could notipigete in the reaction, it would
interfere with hydrogen bonding between urethane molecules, gaasimegative effect (as
observed in SEM image in Figure 5c¢, some fibers did not interalettigt resin). The overall
performance of composite foam depends on the competition between tlne parsit negative

effects. The morphological observations and enhancement in comprsissivgth proved that
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the positive effect dominated here, enhancing cross-linking withinfitlee foam system
network. This effect was also demonstrated by Xia €aal, 2005 [6], in trying to incorporate

clay in foaming. This interference may be illustrated below in Figure 9.

Figure 9. Hydrogen bonding between urea and urethane linkages

The reaction between isocyanate active groups and the hydmaxydsgof cellulose fiber could
also be demonstrated by FTIR spectra changes as shown in HigUree free —NCO absorption
peaks at 2270 cihwere lowered in composite foam with 13php and 26php fiber contents
compared to the neat foam without fiber, indicating reactivitween the fiber and free -NCO
groups. The unreacted isocyanate amount was increased at 40php fdestiation as viscosity

of the matrix was elevated significantly and interfered with foaming psoce

Figure 10FTIR spectra of free -NCO absorption peaks at 2275cm
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5.5  Conclusions

Spray foam insulation was produced using sustainable soy-based pudyalater as blowing
agent. Cellulose fiber was incorporated in foaming up to 40php in three stagesianmhdt was
investigated in terms of mechanical and thermal propertiewedisas foam morphological
characterization. It was demonstrated that presence of fib@anmng increased cell density due
to nucleation process and increased the bulk density of the comijoasite The increased cell
density reduced moisture permeability in composite foam. Good adhegigeeheresin and
fiber at interfaces enhanced the compressive strength of the dtemfmm system. The
interaction of fiber and polymer was efficient at lower fibencentration and slightly improved
the thermal resistance of the insulation foam. At higher fibecentration, the viscosity increase
and also agglomeration of fiber (due to its hydrophilic nature) wprolided open channels,
allowed more diffused gas to escape from the material and gliglliiced thermal resistance of
the composite foam. Pre-treatment of fiber would help to sepabates from each other, and
eliminate hydrogen bonds holding them together. As fiber was embeddia@ imatrix, the
increased viscosity affected the foaming process through é€8sevoAlthough the impact was
not significant, the gel time was increased and resulted reduatioomposite foam volume
proportionate to the fiber content. The polyol viscosity was signifigaincreased with

incorporation of fiber above 26php.
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CHAPTER 6.0

Novel Bio-based Polyurethane Spray Foam Insulations for Light Weight Wall Parhe and

Their Performances under Monotonic and Static Cyclic Shear Forces



Abstract

This work was dedicated to investigation of the effects of bio-bpeddirethane (PU) foam
cores (neat and composite foams) on the performance of smallveoatien wall panels under
monotonic and static cyclic shear loads. Adding wood fiber resulted ireduction in
compressive properties of the foam while tensile modulus sligtiyeased. Monotonic and
static cyclic shear tests showed that inclusion of the foamicoreased the maximum strength
of the panels significantly. Panels containing composite foam duadsthe highest shear

strengths.

6.1 Introduction

Rigid polyurethane foams have gained a growing attention in a waiedpplications due to
their unique set of characteristics such as excellent thénswdhtion properties, durability, and
relatively high specific mechanical properties (strength tighteatio) [1-3]. Performance of PU
foams can be optimized for a wide range of applications by ladesigned formulation of
polyols, isocyanates, catalysts, surfactants, and blowing adentsange in formulation could
alter the properties of the foams by changing their egllsiructure and also properties of the

polymer constituent [4,5].

During the past decades, concerns caused by the environmentalsiropgstroleum based
polyurethane foams have driven researchers towards fabricatiohesé tfoams utilizing
renewable resources. As a result, use of bio-based polyol derivedtemcally modified plant

oils, especially soy bean oil, has been suggested in a number of researclovi@iks [
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Production of soy-based polyol is possible via the introduction of functgnoalps (hydroxyl
groups) into unsaturated sites in triglyceride molecules whiehpeesent in the oil. Several

techniques have already been proposed for the production of polyol from soybean oil [10-12].

Inclusion of natural fibers to PU foams has also been proposestitice their environmental
impacts, reduce their cost, and possibly modify their properties [5,7,1420) advantages of
natural fibers over synthetic fibers include their low cost, d@msity, renewability, abundance,
and low equipment wear during production. Natural fibers are known topoavecompatibility

with hydrophobic polymers [21-23]. In case of PU based materials, howergation of

chemical bonds between hydroxyl groups on the surfaces of nateed find isocyanate is
expected to create strong interfacial adhesion between féomisthe PU matrix [24,25].
Introduction of natural fibers to PU foams has also been reportedtrease the rate of their
biological degradation after disposal [26]. Due to their cross-lirdteacture, thermosetting
polymers cannot be readily recycled which adds to their environmessaes. Thus,

biodegradability is especially important in case of thermosetting posynmetuding PU foams.

Earthquakes and high winds are the main sources that apply |ateesd to the wall panels
which are parallel to the direction of the force (shear walls) [27]. In wad€ftbuildings, which
are particularly common in residential and low-rise commeioiglidings of North America,
distortion of shear walls due to such lateral forces is a commoropienon. As a result, such
forces are usually referred to as racking forces. Lightwergpoden wall panels are usually
made of a lumber frame, sheathing materials on one or both $ittames (usually plywood or
gypsum), and fasteners [28,29]. Performance of these wall panelsnohets the structural

integrity of the entire building during hurricanes or seismicder[30]. Due to the fact that a



4
majority of North American population lives in hurricane prone regionproving the racking

performance of the shear walls is believed to be absolutely necessary.

Despite the extensive use of PU spray foams as insulatiregiastinside wall panels [31,32],
the authors noticed a significant lack of research regardingptiteltion of foam cores to the
shear force capacity of wooden wall panels. As a result, this haskbeen devoted to the
characterization of structural behavior of small scale woodehpaakls under monotonic and
static cyclic racking forces, before and after the introductioa ofid bio-based polyurethane
foam core. The measurement of racking performance of soadd panels is a common method
for evaluation of structural performance of full scale (8&tk) walls [28]. Effects of inclusion
of wood fibers in PU foam on strength of the panels have also beentedallihis study also
provides information on the density, tensile properties and comprepsdperties of the

prepared bio-based PU neat and composite foams.

The formulation was modified in structural integrity experimentréfiect a stronger foam
network (closed-cell) to withstand the applied shear forces. Thglpaked in structural
integrity experiment had a higher hydroxyl groups than that of poly@dl in other experiments
in other chapters to enhance polymerization reaction. As more —OH grbpplyol participated
in the polymerization reaction, polyurethane solid structure woulddseréo such extent that
more closed-cell bubbles would form. Promoting this reaction would serdae bubble
formation rather than bubble expansion with more carbon dioxide entrapped insidésthiehce
would enhance the foam properties especially density and compressngth in the wall
panels and would increase shear resistance of buildings againsddppral forces [33-35].

Open-cell and closed-cell foams were discussed in section 5.1.1.



6.2 Preparation and characterization of foams

6.2.1 Materials

Commercially available soybean oil based polyol (X-0110) was provigecargill. Other
ingredients of the foam including isocyanate, catalyst, co-catalgstwafactant were all selected
from commercially available sources [3]. Distilled water waed as the blowing agent. Wood
fiber from White Birch was supplied by FPInnovations, Canada. Finel Woers were collected

after grinding and passing through a 30 mesh sieve.

6.2.2 Preparation of PU neat and composite foams

PU neat foams, with an isocyanate index of 140, were produceddexrdo the formulation
(Table 1) suggested by Faruk et al. [3] using free rise ppudohnique. In case of neat PU
foam, without wood fiber, 100g of soy-based polyol was mixed with ldaitamounts of the
additives (catalyst, co-catalyst, surfactant, and distilled watee) mikture was homogenized for
three minutes at room temperature. Isocyanate was then addednxthee followed by 20
seconds of vigorous mixing. At this point, the mixture was transfdorea wooden mold with

dimensions of 20x18.5x11.5 ém

Table 1. Formulation for water-blown spray foam insulation (Closed-cell)

Components Commercial Name Php
Polyol BiOH X-110 100
Catalyst | Polycat 9 0.26
Catalyst Il 33LV 2
Surfactant DC 5357 1.50
Blowing agent H,O 2.0
Isocyanate Index Robinate M 140

! Parts per hundred grams of polyol

In case of composite foams containing wood fiber, the processingaof Was as follows: (i)

100g of polyol was mixed with 20g of wood fibers for 6 minutes in ordéultp disperse the
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fibers, (ii) additives were then added followed by 3 more minutewmining, (iii) in the end,
isocyanate was added and mixing was continued for 20 seconds toefsferring the mixture

into the wooden mold.

6.2.3 Characterization of the neat and composite foams
Densities of the foams were obtained according to ASTM D1622-09 sgiegmens with

dimensions of 5x5x3 cin

Tensile properties of the neat and composite foams were measuooediag to ASTM D1623
using five type C specimens (with dimensions of 5x5x3) dor each sample. The tests were
done using a Zwick universal testing machine (Zwick/Z100, Zwick G&lEb. KG, Germany)
at a crosshead speed of 1.3 mm/min. Average values of the teregllilus, tensile strength, and

tensile elongation at break of the samples were reported.

Compressive properties of the foams were measured accordingTil A8574 using five
specimens (with dimensions of 5x5x2.5%rfor each sample. The measurements were done
using Instron universal testing machine (Model 3367) at a crossheadl sp@5 mm/min.

Average values for compressive modulus and compressive strength of the sampleparted.

6.2.4 Properties of neat and composite foams

Densities, compressive properties, and tensile properties ofPtedbam and PU composite
foam are summarized in Table 2. One of the most important chatacseof PU foams is their
density. Addition of wood fiber decreased the density of the f@@amsity of the neat rigid foam
was 68.6 kg/mcompared to 52.5 kg/hior the composite foam (23% reduction in density). This
behavior could be attributed to the introduction of wood fiber in foamimghwincreased the gel

time (from 40 sec. to 55 sec.) and delayed the polymerizationaoma€ewer bubbles were
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formed due to less ease of flow. This later effect deegk@olyurethane solid structure resulting
in reduction of bulk density of the fiber foam. Banik and Sain [10] repdhat the introduction
of 8 parts per hundred parts of polyol (php) refined paper fiber to besthadyurethane foam
caused a reduction in the density of the foam. Using IR spectrqgbegyalso reported that the
composite foams had a higher concentration of urea linkages compatexirieat foam which

proves that the chemistry of the foaming reaction was altered.

Table 2 shows the inclusion of the wood fibers caused a reduction ¢oniressive properties
of the foams. Compressive modulus and strength of neat PU foam edereed about 30%.
Such reduction in the compressive properties of the foam camKesl lio the reduction in its
density (which signals a reduction in the cell-wall thickness)ti@nother hand, it is shown in
Table 2 that inclusion of 20 php of wood fiber to the neat bio-based foaeased its tensile

modulus slightly. Tensile modulus of the neat foam was increased38.6 MPa to 41.1 MPa
after the inclusion of wood fibers. Tensile strength and elongatidireak of the composite
foam were only slightly lower than the neat foam due to a remtuct deformability. The fact

that the tensile properties of the foam were not reduced upon orclosthe fibers is due to the
reinforcing effect of the fibers which seems to have neugdlithe negative effects of the
reduction in cell-wall thickness. The results from Table 2 sugfes wood fibers had a more

noticeable reinforcing ability under tensile loads compared to comprésadse

If we statistically normalize the value of tensile stréngind compressive strength of the
composite foam with respect to density (68.6/52.5 = 1.3) and recaltuatalues, the tensile

strength increases, which signifies fiber as reinforcement for foaomepasite.



8

Stress-strain curves of neat and composite foams under temdilompressive loads are also
shown in Figure 1. It is clearly shown that although compressive piegpeitthe neat foam

were noticeably higher, the tensile behaviors of the two foams were vergrsimil

Table 2. Characteristics of the neat and composite foams.

Sample Density | Tensile properties Compressive
(kg/m?) properties
Modulus | Strength| Elongation| Modulus| Strength
(MPa) (kPa) at Break | (MPa) (kPa)
(%)

Neat foam 68.6 (0.9§ | 38.6 (2.2) | 317 (21) 2.1 (0.1) 6.1(0.4) 330 (14

Composite foam | 52.5(1.1) | 41.1 (2.5)] 309 (17).0 (0.1) 4.2 (0.4) 229 (16

Composite foam 53.4 401 2.6 54 298

(After normalization)

4The numbers in the parenthesis denote standard deviations.
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Figure 1. Stress-strain curves for tensile and compressive responsesasitheamposite foams.



6.3 Preparation and characterization of the wall panels

6.3.1 Materials

Small scale panels were constructed using materials thaypacally utilized in construction of
wood-frame wall panels. The panels were constructed using 5.1x19(2 eémhes by 4 inches)
Spruce-Pine-Fir studs, 1 cm (3/8 inch) thick Spruce plywood sheathingm5(2 ;ches) 6d

common nails and 7.6 cm (3 inches) screws.

6.3.2 Construction of small scale wall panels

The wooden panels were each 61 cm (24 inches) high and 45.7 cmH&8)inide framed by
5.1 cm (2 inches) x10.2 cm (4 inches) timber and sheathed with 1 cnm¢B)&hick plywood
on both sides. Each of the top and bottom (shorter) studs was fastehedsite (longer) studs
using four screws. Each plywood sheathing was fastened to the dsamgesixteen 6d common
nails spaced 15.2 cm (6 inches) apart on the sides and 10.2 cm (4 iparesnahe top and

bottom studs. The nails were placed 2.5 cm (1 inch) from the edges in all studs.

In case of panels including neat or composite PU foams, one sheatmsntastened to each
frame in the beginning. Neat or composite PU foams were prepaeording to the method
described in Section 2.2 based on 1100 g of soy based polyol. After theraddlitsocyanate
part and mixing for 20 seconds, the mixture was transferred intcotistructed panel and the
foam was left to rise freely in the direction of the thicknafsganels, as shown in Figure 2. The
excess foam was then cut after 24 hours and the second sheahif@stened to complete the
panels. Both polyurethane foams were observed to have completeoadhigsithe wood panel.
This is due to the creation of chemical bonds between isocyamatesgrom the foam and to a
greater extent with the hydroxyl groups of cellulose and tsseteextent to hemi-cellulose and

lignin on the surface of the wood [14].
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Four empty panels, four panels with neat foam, and four panels wtipasite foam were

constructed and stored indoors at least one month before conducting the tests.

Figure 2. Wooden panels before cutting the excess foam and fastening the seathalgshe

6.3.3 Characterization of small scale wall panels

6.3.3.1 Testing equipment

The tests were conducted by applying unidirectional displacemeng @sitri-axial loading
apparatus available in Structures Testing Facility at Usityeiof Toronto. Specimens were
mounted between reaction beam at the top of the specimen and lo&er traasn at the bottom
of the specimen. The connection between the beams and the spa@memade with two bolts
through the timber frame. The reaction beam was a stiff elesmmiected to the reaction
column to provide a fixed support boundary condition at the top of the speddeveen the
load transfer beam and the mounting table, a low friction pad was used to mimrogé&ansfer
through friction. A pancake-type load cell was attached at the et dbad transfer beam. The

load path from the actuator to the specimen is as: actuator, mouatileg bbad cell, load
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transfer beam, and specimen. The load transfer beam providegslavhich were used to
restrict uplift of the beam. The selected load cell was Bt Fatigue rated 5kip capacity load
cell. The output from the load cell was fed to a Futek IPM650 simpraditioner and indicator,
sampling at 1200 samples per second. Displacement of the loading appaatrecorded using
the LVDT in the actuator. The experimental setup is illustrateBigure 3, an image of the

actual experimental setup is also provided in Figure 4.

iy

Figure 3. The experimental apparatus used to characterize the panels witmgfoment labels.

Figure 4. Front view of the actual experimental set up.



12
6.3.3.2 Testing procedures
Two tests, namely monotonic and static cyclic shear tests, @amducted to study the behavior
of the lightweight wooden panels under shear loads. Three types mhepsavere used: control
specimens without foam, specimens with neat foam, and specimensowiffosite foam. For
each type of specimens, a total of four specimens were testedsg@cimen was tested in
monotonic pushover and the remaining three specimens were tested weigedoad. The
monotonic test was designed to study the behavior of the frame inonanmading. The static
cyclic test was a quasi-static test designed to studyysteretic behavior of the frames in cyclic
loading. Because the objective of the study was to investigatattval force capacity of the
wood panels under static load, the cyclic load was applied at sitavsuch that the rate-
dependent effects, such as viscosity of materials, would not inflibacmeasured force. The

procedures for each test were developed based on ASTM E2126 and are outlined inlastail be

In pushover tests, displacement was applied at the base of timaespat push or pull along its
strong axis at a rate of 3mm/min (0.5% shear strain per minugefp a maximum stroke of
76.2mm (12.5% shear strain). Specimen was sheared until the maxinken@t 6mm beyond

observed failure or significant loss of strength.

In static cyclic tests:

1. Displacement was applied at the base of the specimen in push alatigpity axis up to a
predetermined stroke. The stroke was selected according to tkencycber and the strain
observed for the First Major Event (FME) during the pushover te$tr ReASTM E2126
for the dependency of stroke to cycle number. The frequency of excitation was 0.2Hz.

2. Displacement was applied as a pull of twice the predetermir@desto strain the specimen

equivalently, in the opposite direction.
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3. Steps 1 and 2were repeated twice more, for a total of threescgtlthe predetermined
stroke.

4. Steps 1-3were repeated once for each predetermined stroke, at 25%, 50%, and 75% of FME

5. For test iterations at 100% FME and above, the displacement prafilesplit into a decay
phase and a recovery phase (also illustrated in ASTM E2126). rEhéofir cycles for each
iteration had maximum displacements of 100%, 75%, 50%, and 25% of predet&rmi
stroke. After the first four cycles, the recovery phase tookeplatere the specimen was
subjected to three cycles at 100% predetermined stroke before initiatingtliteraion.

6. Step 5 was repeated for increasing predetermined stroke by 56%Eofper iteration, (as

suggested by ASTM E2126). This was repeated until the specimen failed.

6.3.4 Properties of wall panels

6.3.4.1 Performance of wall panels under monotonic shear load (pushover tests)

Behaviors of the panels under monotonic shear loads are shown in Figargéneral, the
specimens behaved similarly at low shear deformations. Butleasly shown in Figure 5 that
the inclusion of both foam cores in the panels caused a significaegse in their maximum
shear resistance. Initially the specimens showed similémestg until about two millimeters of
displacement, and then experienced an increase in stiffnessstifinisss increase is presumed
to be caused by the engaging of the plywood sheathings. At abounifooneters displacement,
the foam filled specimens diverged from the control specimen (epapigl). The control frame
experienced a significant stiffness loss as the nails holdenglywood to the frame yielded, and
the specimen experienced a plateau at around 8.0kNof maximum lfoc@bserved that the
foam-filled frames retained higher stiffness at this point dube additional shear reinforcement

provided by the foam core. Shortly after the two foam-filled specimeesgdid from the control
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specimen (at about 8 mm displacement), the specimen containindoapatexperienced a
stiffness loss as compared to the specimen with composite foanhot#imdoam specimens
followed a yielding plateau shape similar to the control specimhemas shown that the panel
containing the composite foam had the highest maximum strengtboot 42.0 kN (50%
improvement in strength over the control specimen). It was shown 5@ that neat foam
had significantly higher compressive modulus and strength comparexnfmosite foam while
tensile modulus of composite foam was slightly higher than thefowa. Figure 5, on the other
hand, shows that the panel containing neat foam core supported a $hgletlynaximum force
(about 10.7 kN) than the panel with composite foam core. Such behavior suiipgéestise
performance of the panels under shear loads relies mainly daentite properties of the foam

core rather than its compressive properties.

After diverging, all of the specimens followed a similar tremdl maintained a nearly constant
differential between each specimen. A specimen was consideled émce it had reached a
peak and lost strength or the wooden frame split and caused an itemstlength loss.
Experimentation was also limited within the displacement bound$fieofattuators, typically
supporting a maximum displacement of 50mm. At high displacementsprte drops were
observed which were believed to be caused by slippage of themtits specimens. Significant
drops in force carried by the specimens corresponded to largeo§lipe plywood nails or

splitting of the frame studs.
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Figure 5. Performance of empty (control) and foam-filled panels in monotorsc test

6.3.4.2 Performance of wall panels under static cyclic shear load

Figures 6 and 7 present the performances of the panels undercygtdiic shear forces in
comparison with their monotonic responses (adopted from Section 3.4.1). Tageabackbone
curves of each static cyclic test were also createdaaatyzed as prescribed in ASTM E2126.
This process involves identifying the maximum and minimum foncessach cycle of testing to
define the trend the specimen experiences in cyclic excitattom fijures show that the static
cyclic responses of the panels were in agreement with their oroasesponses from pushover
tests. Figure 6 shows that the average backbone curves oftplesdollowed a similar path as
their pushover curves. It is shown in Figure 7 that the backbone curttes phnels containing
foam cores, either neat or composite foams were still higharttieapanel without the foam
core. According to Figure 7, maximum strengths of the empty pandlthe panels with neat
and composite foams during the cyclic tests were 7.3, 8.6 and 8.9 kN\;tresdgeWith the test
apparatus used, frictional forces between the specimen and the swpp@tslightly greater
when applying negative shear (left side of the diagrams in Fduend 7) which may have led
to the reduction of the measured force. Thus, negative shear wasetbas the basis for the

above discussions.
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Figure 6. Static cyclic behavior of (a) empty panel, (b) partdl meat foam, and (c) panel with
composite foam compared with their monotonic response.
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Figure 7. Average backbone curves of the panels under static cyclic shear loads.

6.3.4.3 Failure modes

The specimens exhibited two common modes of failure of the woodeer warpolyurethane
foam fill. The most common failure mode observed during tgstims the vyielding and
deforming of the nails attaching the plywood sheathing to the tirfthare, typically at the
shorter studs on the top and bottom of the specimens. Yielding of tisewas typically
observed prior to occurrence of the plateaus in the specimen responsesjlduted significant
stiffness losses over the duration of testing as more naislfdflor each specimen, control or
foam filled, the plywood sheathings were responsible for cartyiegnajority of shear force in
the specimen, due to having the greatest shear stiffnesaclistise majority of the shear forces
in the frame were transferred to the plywood sheathings througtotimecting nails. As shear
force increased, the nails were subjected to increased shimthgnd deformation, ultimately
shapping most nails in two. The contribution of this failure mode t@veeall behavior of the
specimens is best observed in the pushover curves; large drops inryimegczapacity of the
frames can be observed and coincided with abrupt snapping of thennaibst instances. The

second most common failure mode observed in the specimens was the separation ohaot/ure
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foam from the timber frame and the sheathing plydvadhis failure mode was observed in each
foam specimen subjected to cyclic excitation anthemwnally in monotonic loading. This failure
mode was caused when the foam was subjected tdicagn tension and typically caused
significant stiffness degradation of cyclic loadgukecimens. Figure 8 shows photographs of the
mentioned failure modes. The third failure afteclzytest was small diagonal cracks across the
foam near the edges in both fiber and neat foaney Tooked alike and no contribution was
made by fiber. These failures, however, does nfieatethe true behavior of actual foam
insulation walls and a larger scale and more cohgrsive shear tests may be performed to

verify these results in the future.

Figure 8. Common failure modes in wall panels:yfa)ding and deforming of nails, (b) diagonal

cracks in fiber and none fiber foams, and (c) deelirg of the foam and wooden frame.
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6.4  Conclusions
Novel bio-based PU foam cores (neat and composite foams) were pragasaaforcement for
lightweight wall panels under monotonic and static cyclic sheatsloawelve panels were
constructed (four empty panels, four panels with neat PU foam @mdsfour panels with
composite PU foam cores) utilizing commonly used materials atebtesing a tri-axial loading
apparatus. Mechanical properties of the foams were also ré@ideg with their densities. It
was shown that inclusion of wood fiber (20 php) decreased the densityocamutessive
properties of PU foam. This was ascribed to delaying in polyatéon reaction decreasing
polyurethane solid structure. Tensile tests showed that the fidesed an increase in the tensile
modulus of the foam due to the reinforcing effect of fibers utelesile loads. Pushover tests
revealed that both foams (neat and composite foam) increasedetiresstength of the panels
substantially. Interestingly, it was observed that the panels asitiposite foam core had the
highest strength (50% higher than the control panel). It is sgteduihat this behavior is because
the strengths of the panels were controlled by tensile strefighe foam cores rather than their
compressive strength. Static cyclic responses of the pareks similar to their monotonic
responses. Backbone curves of the panels with both foam cores weee thign that of the
empty panel. Failures of the specimen were mainly causedelying of nails and also de-

bonding of foam cores and the frames at large deformations.

This study suggests that the utilization of the proposed rigid lsieebBU foam as core layer in
wall panels is a promising approach towards the enhancementiosiiear strength. Main
applications of such structures are in residential buildings @nefise commercial buildings.
The enhancement in the walls properties is expected to increasesistance of the buildings

against lateral forces from winds and earthquake loads. FudtgarIscale experiments (and
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also dynamic experiments) are required to fully validate tmoimeance of a wall panel with

composite foam core.
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CHAPTER 7.0

Conclusions and Recommendations



7.1

Conclusions and recommendations

Water-blown spray polyurethane foam (SPF) insulation was sualtggsbduced via a free rise

method, using sustainable soy-based polyol. Two types of fiber, wioedand cellulose fiber

were incorporated in foaming in three stages, 13php, 26php, and 40php. Theafrfjiset in

each composite foam system was investigated in comparison evitrolcfoam (no fiber), in

terms of thermal and mechanical properties as well as morphological chiaagicte.

The following conclusions were drawn from the study:

1.

The control or neat biofoam prepared by the formulation (Table 2, Chaptbad
comparable properties; same or even better than commerciailpbdeafoams. The
amount of water added as blowing agent in foaming, affected thetnatture or cell
size.

As fiber was embedded in spray foam the amount of fiber had satifdfect on foam
quality. At lower fiber content (below 26php) composite foam quality waostly
improved whereas at high fiber concentration (40php), the fiber masiitibned as
filler.

Fiber highly hydrophilic in nature and tends to agglomerate at higher fiber catmantr
It was demonstrated that presence of fiber in foaming incretheedensity of both
composite foam systems due to nucleation process and fiber mdsan&ges indicated
that these nucleating sites generated smaller and more hosoogecells, increasing cell
density.

Compatibility of resin with fiber is the most important factédfecting composite foam
properties. Natural fibers are highly hydrophilic and resins ajelynhydrophobic. The

analysis indicated that, although there was a fairly good comggtibdtween them,
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wood fiber was less compatible with matrix as compared to cedlidlbsr. The cause
was unclear, perhaps due to less accessibility of lignin hydroxyl groups.

6. The compressive strength of cellulose fiber composites was inthraviée that of wood
fiber composites was slightly reduced.

7. SEM images revealed that cellulose fiber was efficieathpbedded in cell walls. The -
OH groups of cellulose, just like polyol —OH, reacted with isoctgend generated
additional urethane linkages that increased cross-linking withen composite foam
network and enhanced the foam. FTIR experiments showed that motakagas were
produced in wood fiber foam which led to phase separation within the popyodhkicing
foam with lower compressive strength. Good balanced urea-urelinkages are the
requirement of a strong and stable network.

8. Thermal Resistancef wood fiber foam was slightly decreased due to higher viscosity
and lesser adhesion between fiber and matrix in which allowed difused gas to
escape from the material during foaming process. Howeveiglitlgl improved in the
case of cellulose fiber foam at lower fiber content. Astpermal degradation, addition
of fiber made no differences in delaying the degradation temypesabdf both composite
foams.

9. The moisture permeability through the composite materials sigasficantly reduced
with respect to non-fiber reinforced foam. This may be attribtdedoisture absorption
of fiber due to swelling effect as well as the cell densityease in which delayed the
passage of water vapor through voids.

10. As more fiber was introduced into the foaming, viscosity increased resdétiag in ease
of flow and foam expansion during foaming process. The viscositgdse due to

incorporation of fiber in polyol was found to be below 20% as long as &@betent
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remains under 26php, and mixture could still be sprayed with convensioraal device.
Incorporation of higher fiber content than 26php requires improvement derprepray
foam equipment system.

11.High viscosity of resin also reduced the rising height of tmaposite foam systems due
to less ease of flow and increased the gel time during f@amiocess. This led to
reduction in composite foam volume which was proportionate to the fiber content.

12.The reinforcing quality of fiber in foaming was affected by fisi&ze and dispersion of
fiber within the matrix. Fibers were grinded to an optimum Sizeeach a compromise
between the viscosity increase and reinforcing effectivenessenera, short fibers
disperse better than long fibers and increase wetting betwaerfaces, improving
adhesion. The confocal microscopy image of wood fiber foam showedltiaugh fiber
was distributed fairly within the foam matrix, the dispersion naisuniform throughout.
Fiber agglomeration could be detected within the image.

13. Structural integrity performance demonstrated that applicatid®oy-based spray foam
insulation could increase the shear resistance of wall panels agawratftates.

14.The reinforcement of spray foam insulation with wood fiber enhanceat sbesistance
against wind forces due to fiber strength. The performance of owindest revealed
that the shear strength of composite foam panels was incread&¥dbgs compared to
non-fiber foam panels. It is assumed that this behavior was bebausteength of panels
was mostly controlled by tensile strength of the composite foam.

15.Wall panels under static cyclic test responded similar behavicormpared to monotonic
or pushover but to a lesser extent. The shear strength of the canfpasit panels was
increased by 5% only with respect to none fiber foam panels. Irkithdsof test the

specimen was subjected to alternating compression and tension floreeveral times
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during the test just like seismic loads and weakened the fibexnaathesion. The
analysis indicated that incorporation of fiber did not improve beaisresistance against

seismic loads.

Scientific and engineering significance of the work:

To the best of my knowledge it is the first attempt to aesyatic study of the effect of natural
fiber as a reinforcement substrate in bio-based insulation foamntci knowledge derived
from this work is original and makes a novel contribution to the batiderstanding of the
underlying theory and practices of wood and cellulosic fibre disperisi a bio-based liquid

resin system that renders to spray under a controlled viscosity condition.

An improved understanding of the spray foam structure in relatiogsto chemistry, fibre type

and foaming reactions also generated new knowledge to this field.

Engineering significance of the work is in the development of fortonlahat can be practiced
in a prototype form and enable to study the engineering prinafpsttucture stability of such
bio-foam under real life cyclic stress condition. No such work hes peblished earlier and it
generated a significant knowledge base in terms of appligabflisuch foam in future building

applications.

Future work recommendation:

A good adhesion between the matrix and the fiber, which is vitaletgpérformance of
the composite foam insulation, can be achieved by surface modificétratural fibers
such as plasma or corona treatment and graft copolymerization ahgrslyonto the
fiber surface [1, 2]. Pre-treatment of fiber would help to sepéitages from each other
and eliminate hydrogen bonds holding them together.

Although it was possible to achieve high fiber content foam insulatiarp to 40php
without major impact on foaming reactions, the analysis demortstthsg the fiber

content as reinforcement may not exceed more than 26php in ordeigeeagptimum
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viscosity to be able to spray it with conventional spray gun syskémwever, the
spraying technology could be improved to accommodate more fiber content in foaming.
Larger scale experiments are to be conducted to validatetfgmpances of composite
foam filled panels against shear loads in structural integrity.tt#e results were
promising in case of shear strength, dynamic experiments Is@ya conducted in the
future.

It is also recommended that flame spread test (ASTM-E84), fuegjstance test
(ASTM-C1338), and air permeability test (ASTM-E283) are to beoperdd in the

future.
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Thermal Degradation Temperatures of Cellulose Composite Foam System

Table 1. Thermal degradation temperatures of neat and cellulose compositgStam s

D

Foam Type Degradation Temperature (9C) Residue
T5 T50 T75 |in% @ 600 °C
Neat Foam 272 390 473 13
Cellulose fiber foam 13php 271 395 478 13
Cellulose fiber foam 26php 273 390 475 16
Cellulose fiber foam 40php 267 389 478 15
Cellulose fiber only 318 354 366 5

T5 = Degradation temperature at 5% weight loss
T50 = Degradation temperature at 50% weight loss
T75 = Degradation temperature at 75% weight loss

A2
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Appendix - Il

Statistical Analysis for Density and Compressive Strength of Biofoam Ination
Regression Analysis
Properties of bio foam insulation would vary with fiber content. Tobéstaa relationship

between these two variables and to assess the strength i@latianship the regression analysis
has been performed.

Regression analysis

Excel Software Regression Analysis was utilized to estahligelationship between the variable
Y (property) and variable X (fiber content). For that mater,samples from each bio foam
scenario containing 0 php, 13 php, 26 php, and 40 php of wood or cellulose fibéestedeand
property values were tabulated below. Regression analysisesasmped on each set of data to
obtain R value, average and standard deviation of each scenario samples. ghedluata
were plotted with their fitted trend lines and standard deviations bar diagrams.

R?- Value

When the observations are scattered quiet randomly around the trerat fiar from it, the R
value is Low and the relationship between two variables get wedWben the observations are
closer to the trend line, the value of iR high and the relationship gets strongeérv&ue varies
between 1 and 0 indicating the proportion of variable to each other? AsdReases the actual
relationship gets weaker, and X explaining less of Y and théoreship become weaker. APR
=0 there is no relationship between the variables.

Properties R’ Value P- Value Statistical Significant
Density — WF 0.78 < 0.001 Significant
Density — CF 0.92 <0.001 Significant
Compressive Strength — WF 0.19 0.70 Not Significant
Compressive Strength — CF 0.37 0.16 Not Significant
Modulus of Elasticity — CF 0.18 0.39 Not Significant

Note: WF = Wood fiber CF = Cellulose fiber
Discussion

R? values of density of WF and CF are 0.78 and 0.92 respectively. THase aee statistically
significant at 95% confidence levelH0.05) representing there is inter dependence between the
variables Y (density) and X (fiber content). The regression fitted lineatetichat density would
increase with addition of fiber in foaming. On the other hand, theaRies of compressive
strength for both types of fiber contents are statisticaligmifscant and could not be explained
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by the model. However, the polynomial trendline shows that additiomoofl fiber make no

difference but addition of cellulose fiber of up to 10% may imprbeecompressive strength of
the composite foam.

WE Density regression analysis

Observed data

Fiber | S-1 S-2 S-3 S-4 S-5 S-6 Averag8D

%

0 22.6 19.9 20.2 20.1 20.0 20.0 20.5 11
13 21.8 22.6 23.1 23.4 19.3 21.3 21.9 15
26 24.9 24.6 23.6 26.2 25.4 26.7 25.2 1.1
40 26.5 29.3 24.6 27.6 25.2 24.4 26.2 1.9

Note: S = Sample

Fitted line plot

Averages and standard deviations

=l

* 4




CF Density regression analysis

Observed data

Fiber | S-1 S-2 S-3 S-4 S-5 S-6 Averag8D

%

0 32.7 34.2 43.5 34.8 33.0 33.3 35.3 4.1
13 46.6 46.4 47.1 44.7 46.8 47.1 46.4 0.9
26 57.0 58.8 58.6 52.8 56.3 57.6 56.8 2.2
40 53.7 54.0 51.6 54.0 55.4 51.0 53.3 1.6

Fitted line plot

Averages and standard deviations




WE Compressive Strength regression analysis

Observed data

Fiber | S-1 S-2 S-3 S-4 S-5 S-6 S-7 S-8 Averagp

% e

0 20.23 | 19.46| 25.5 20.78 2728 17.13 24p5 2187 221 3
13 21.77 | 211 19.96 20.17 17.26 1534 16.2 18/93 18,8 2
26 25.67 | 195 22.16| 2227 2351 21.79 1627 17,35 211 3
40 23.11 | 19.94| 1739 2552 23.03 2181 22/65 2286 220 2
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CF Compressive Strength regression analysis

Observed data

Fiber | S-1 S-2 S-3 S-4 S-5 S-6 Averag8D

%

0 36 29 59 38 40 38 40.0 10.1
13 53 53 54 55 54 55 54.0 0.9
26 55 58 50 49 43 48 50.5 5.3
40 a7 49 49 54 55 44 49.7 4.2

Fitted line plot

Averages and standard deviations
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Background data

Summary output (Density-WF)

Regression Statistics

A8

Multiple R 0.87
R Square 0.76
Adjusted R Square 0.74
Standard Error 1.42
Observations 23
Standard Lower Upper
Coefficients Error t Stat P-value 95% 95%
Intercept 20.11 0.51 39.16 < 0.001 19.05 21.18
0.16 0.02 8.06 < 0.001 0.12 0.21
Summary output (Density - CF)
Regression Statistics
Multiple R 0.82
R Square 0.67
Adjusted R Square 0.66
Standard Error 4.85
Observations 23
Standard Lower  Upper
Coefficients Error t Stat P-value 95% 95%
Intercept 39.23 1.75 22.42 <0.001 35.59 42.87
0.46 0.07 6.58 <0.001 0.31 0.60
Summary output (Comp. Strength WF)
Regression Statistics
Multiple R 0.07
R Square 0.01
Adjusted R Square -0.03
Standard Error 3.13
Observations 31
Standard Lower  Upper
Coefficients Error t Stat P-value 95% 95%
Intercept 20.74 0.96 21.54 < 0.001 18.77 22.70
0.01 0.04 0.38 0.70 -0.06 0.09




A9

Summary output (Comp. Strength - CF)

Regression Statistics

Multiple R 0.30
R Square 0.09
Adjusted R Square 0.05
Standard Error 7.27
Observations 23
Standard Lower  Upper
Coefficients Error t Stat P-value 95% 95%
Intercept 45.96 2.62 17.53 < 0.001 40.51 51.42
0.15 0.10 1.46 0.16 -0.06 0.37
Summary output
Regression Statistics
Multiple R 0.19
R Square 0.04
Adjusted R Square -0.01
Standard Error 185.06
Observations 23
Standard Lower  Upper
Coefficients Error t Stat P-value 95% 95%
Intercept 789.33 66.76 11.82 0.00 650.50 928.16

2.34 2.64 0.88 0.39 -3.16 7.83




