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positive correlation between IFSS and MOR for the control, and HDPE/MAPE-
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PP/pine control and PP/pine/MAPP-containing WPC's showed a strong positive linear

correlation when the 4% MAPP formulation was removed, but, the increase in
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showed poor correlation between MOR and IFSS. Microscopic analysis of the WPC's

was inconclusive due to obscuration of the polymer spherulites by the wood particles.

The DSC showed an increase in enthalpy with an increase in IFSS for pine WPC's.

DSC data was inconclusive for oak WPC's.
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Chapter 1 Introduction, Objective and Background

1.1 Introduction

Many factors have influenced the desire to research products formed from a

blend of thermoplastic and natural fibers. The ability to engineer mechanical

properties, lowering costs, reducing maintenance, improving dimensional stability,

improving resistance to decay, and increasing use of recycled materials are all viable

reasons for looking closer at these types of composites. Unfortunately, as with all new

composites, the interactions of the components and the resultant effect on properties

are not known. Natural-fiber filled plastic composites have applications in almost

every branch of industry.

Wood and natural fiber composites are the fastest growing group in the plastics

and building products market segment. Growth has been more than 25% per year

since 1998 (Morton et al., 2003). In addition, due to the phase-out of chromated-

copper-arsenate (C CA) treated wood for residential uses at the end of 2003, the market

for WPC's may be further bolstered (Clemons, 2002).

Decking is the main use of WPC's, accounting for 53% of the total market,

with windows, door frames, and railings following. Other applications include roofs,

fences, sea walls, garden structures, and patio furniture (Morton et al., 2003). WPC

decking is marketed as lower maintenance, crack and warp proof, and of high

durability, to offset its higher initial cost versus traditional wood. Another advantage

may be the ability to order WPC decking in a myriad of colors and shapes, offering a
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custom-look. Most manufacturers offer a ten-year warranty, but the actual lifetime of

a WPC is not fully known (Clemons, 2002).

Wood fibers offer several advantages over other man-made and natural fibers

as filler for plastic composites. They are cheaper than fiberglass, and most other

natural fibers. Wood fibers are very prevalent as a by-product of the forest products

industry. Also, wood fibers can be prepared using existing industrial machinery and

facilities.

But, wood fibers are relatively short compared to other fibrous filler materials

and are non-uniform both in shape and size. Glass and carbon fibers are very uniform

in size, shape, and distribution compared to wood fibers (Sanadi, 1992).

Many techniques for testing WPC' s are still in their infancy. The American

Society for Testing and Materials (ASTM) is attempting to develop standards both for

property testing and performance rating (ASTM, 2003). But, progress is hampered by

several factors. First, the materials come in a vast range of wood contents, additives,

additive contents, and plastic types. There is also disagreement as to whether the

products fall under "plastics", or "wood-products", or are unique.

The use of additional components, such as compatibilizers, also compounds

the questions. The addition of an extra ingredient may increase bending strength or

stiffness, or other properties, but why? Is the mechanism of improvement from

additives wrought by an increase in the bond between the wood-fibers and the plastic?

Or is something else at play, such as an increase in the plastic polymer's crystalline

regions.



1.2 Objective

The main goal of this project was to determine if interfacial shear strength

(IFS S) is correlated to bending strength, (or MOR), in several different WPC' s.

Secondary to the main goal was developing procedures and equipment necessary to

reliably test IFSS in WPC's.

This dissertation is divided into five chapters. The introduction, objective and

background literature is included in chapter I. Chapter II examines preliminary studies

that were undertaken to develop procedures and parameters to make WPC's, and then

measure IFS S. Chapter III covers manufacture and testing of WPC ' s comprised of

pine flour and high-density polyethylene. Compatibilizers used for these samples

included maleic anhydride grafted polyethylene (MAPE), polymeric methylene

diphenyl diisocyanate (PMDI), and KymeneTM (a paper wet-strength agent). Chapter

IV covers the manufacture and testing of WPC's comprised of pine or oak flour and

polypropylene. Maleic anhydride grafted polypropylene (MAPP), is the

compatibilizer used for these samples. Chapter V examines the data generated closer

through statistical analysis. Finally, overall conclusions and future recommendations

are given in Chapter VI.

3



1.3 Background

A "wood-plastic composite," as used in this document, is any composite in

which particulate wood is mixed with thermoplastics. The wood is used as both filler

and for property improvement. The first use of wood combined with plastics occurred

in the early 1900's using thermoset polymers (a thermoset is a polymer which does not

melt after an initial curing by heat) (Clemons, 2002). Widespread usage did not occur

until the 1960's, with their use in flooring for offices and airports (Sanadi et al., 1998).

Wood is not the only filler used in plastics. Fiberglass, carbon fibers, and a

multitude of natural fibers are all used as both filler and reinforcement for plastics.

Also, minerals such as clay, calcium carbonate, and mica are used. In contrast to other

fillers, wood is abundant, renewable, has high stiffness, has a low bulk density

(lightweight), exhibits less tool wear/abrasiveness, is non-hazardous, and is non-toxic

(English, 1996). WPC's are known by many names: natural fiber composites, wood

fiber thermoplastics, polymer-with-wood composites, and wood-filled composites

(Forest Products Laboratory, 1999).

Wood has both advantages and disadvantages as a filler for thermoplastics.

Wood is relatively inexpensive, thermally dimensionally stable, has high stiffness, and

increases mechanical properties of the resultant composite. In addition wood filler

increases paintability, improves aesthetics, offers increased strength when used with a

compatibilizer, and lowers heat capacity. On the down side, wood exhibits moisture-

based dimensional change and suffers thermal and biological degradation (Clemons,

2002). Thermal degradation of wood results in property reductions and can be caused

4



by the elevated temperatures needed to process thermoplastics. WPC's also display

poor adhesion at the wood/plastic interface (Naghipour, 1996).

Thermoplastic lumber was developed in the mid 1980's, but displayed poor

thermal stability, high heat retention, high creep, and poor fastener holding (Wolcott,

1996). The addition of wood increased density and raised properties, and the wood

allowed smaller thickness dimensions (English, 1996).

1.3.1 Wood Used in WPC's

Wood used in WPC's can come from many sources: Sawdust, planer shavings,

short solid lumber pieces, and wood-composite scrap are all sources of material for

WPC's (English, et al., 1996). Hardwoods and softwoods are used for WPC's. Oak,

maple and aspen are the most common hardwoods, and pine is the most common

softwood. Due to anatomical, physical, mechanical, and chemical differences from

species to species, composites made from different woods will vary in properties and

performance During a study on ponderosa pine, loblolly pine, maple, and oak,

hardwood species used in composites exhibited better tensile, flexural, and heat

deflection properties (Stark and Berger 1997).

Particle size is also of importance to WPC's. The most common method for

evaluation is mesh size. Mesh size is the size of particles that will fall through a

screen with a given number of square openings per square inch. Typical sizes of mesh

used for WPC's are 20, 40, 60, and 80. The physical appearance of the wood particles

5
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is flour-like, with some short fibers visible, as well as "dust". Long individual fibers

are not typically used (Guzman 2003).

Smaller particle sizes correlate to larger mesh numbers. An 80 mesh screen

has more openings per square inch than a 60 mesh screen, so the resultant screened

particles are smaller. Smaller mesh size particles result in increased water resistance

and MOR (Tatakani, 2000). This makes sense as larger particles would allow more

area for voids to occur, lowering properties. However, aspect ratio appears to have an

even greater effect than size (Stark and Rowlands, 2003). The trend in industry has

been towards smaller mesh size. Initially mesh sizes of 10 or 30 were used, but

particle sizes as small as 80 mesh have become prevalent (Clemons 2002).

Moisture content is another important factor to consider in WPC's. Air-dry

wood flour has an oven-dry moisture content of about 6-7%. Thermoplastics are

sensitive to moisture during processing. Even low moisture contents such as 1-2% can

decrease properties and lead to defects such as voids (Clemens, 2002). Therefore it is

critical to either use bone-dry wood flour or vent moisture during the manufacture of

WPC's.

An important function of wood in a WPC is to provide strength and stiffness,

improving mechanical properties (Simonsen, 1997). Another main function is as an

inert material for increasing the bulk of the WPC. The wood reduces the amount of

the more expensive plastic needed. English (1996) states that the addition of wood

saves considerable weight and may improve the thermal stability.



1.3.2 Types of Polymers used in WPC's

This thesis focuses on thermoplastic WPC' s only. Thermoplastic polymers

come in either linear or branched form. They become rigid when cooled, and soften

when heated. Different polymers melt at varying temperatures. Typically

thermoplastics that melt below 200 °C are used for WPC manufacture. Temperatures

above that point can damage the wood. Examples of common polymers used for

WPC's include: polypropylene, high-density polyethylene, and polyvinyl chloride.

Virgin plastics are more often used than recycled. Recycled plastics require

uniformity to prevent processing problems (Guzman, 2003).

1.3.3 WPC Formulation, Manufacture, and Use

Common ratios of wood/plastic for WPC's include 50/50, 40/60, up to 70/30

(Clemons, 2002). The amount of each depends on the properties needed for the

application. Higher wood contents will result in higher water uptake if exposed to

moisture (Clemons, 2002). Increasing wood content improves flexural and tensile

modulus, density, and heat deflection temperature (Stark and Rowlands, 2003). More

plastic leads to improved flexural and tensile strength (unless a compatibilizer is

incorporated), tensile elongation to failure, mold shrinkage, and melt-flow index

(Stark and Rowlands, 2003). Additives can be added in any amount as well. But due

to costs, they are typically added in small amounts below 5%.

7
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Additives are commonly used in WPC's to impart specific properties to the

final composite. UV-stabilizers can be added to increase resistance to sunlight for

WPC's used in exterior-type products. Another common type of additive is designed

to retard fungal attack. Compatibilizers are added to increase the mechanical

properties of the resultant WPC, either by improving wood-plastic bonding or through

other means. In addition, lubricants, surfactants, coloring agents, and foaming agents

might be added. The use of additives depends on the product and the application for

which it is intended. Additives can modify the surface energy of the wood or plastic,

improve wood dispersion, and increase interfacial bonding through mechanical

interlocking or chemical mechanisms (Sanadi et al., 1998).

WPC's are most often manufactured in a two-step process. First all of the

ingredients are mixed together, melted, and the wood dispersed in the molten polymer.

This step is called compounding. After this initial step, the mixture is either extruded

or injection molded into the final shape. To minimize degradation of the wood,

temperatures are typically kept below 204 °C. But, even at lower temperatures, some

thermal degradation of the wood takes place (Forest Products Laboratory, 1999).

Typical formulation temperatures are about 180 °C for polyethylene-based products,

and about 190 °C for polypropylene-based products (English, 1996).

Extrusion is performed by forcing the molten WPC through a die. The die

gives the WPC its cross-sectional dimensions. Therefore a linear product of varying

lengths with a desired profile can be made. The material is usually supported as it

cools, and then cut to length. Pipes, tubes, furniture components, moldings, and sheets
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are typical examples of extruded products (English, 1996). Extrusion is a faster

process than molding. One small problem with extruding (common to most plastics)

is die-swell. The WPC will swell slightly after being forced through the die due to the

plasticity of the polymer portion.

Injection molding is the second most common WPC manufacturing process. A

permanent reverse mold is made in the dimensions desired. Molten WPC is injected,

and then the mold is cooled. After cooling, the mold is opened and the finished

product is removed (English et al., 1997). One problem with injection molding is that

multiple molds are needed to have continuity in a manufacturing facility.

The automotive industry is one of the oldest and largest users of WPC 's

(Clemons, 2000). Many components of modern automobiles are WPC's, such as

bumpers, interior panels, trunk liners, and more. The main use of WPC's is in

residential decking, accounting for 53% of the total market, with windows, door

frames, and railings following. Other applications include roofs, fences, sea walls,

garden structures, and patio furniture (Morton et al., 2003). WPC decking is marketed

as lower maintenance, crack and warp proof, and of high durability, to offset its higher

initial cost versus traditional wood. Another advantage may be the ability to order

WPC decking in a myriad of colors and shapes, offering a custom look. Most

manufacturers offer a ten-year warranty, but the actual lifetime of a WPC is not fully

known (Clemons, 2002). Additionally, WPC railroad ties, flowerpots, furniture, and

marine piers are being marketed (Clemons, 2000; Morton et al., 2003). However,
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WPC's are limited to mostly low-strength products. They exhibit more creep, and less

stifftiess and strength than solid wood (Clemons, 2002).

1.3.4 Physical and Mechanical Properties of WPC's

1.3.4.1 Moisture and WPC's

WPC's are more dimensionally sthan solid wood when used in exterior, high

moisture, applications (Clemons, 2002). The plastic in the WPC tends to reduce

moisture uptake by encapsulating the wood particles. But, the encapsulation is not

complete, so some moisture uptake is noted. Thus, the wood component of WPC's

absorbs some moisture (Naghipour, 1996). Also, water movement through WPC's

takes longer than through solid wood. So equilibrium moisture content is slower to

stabilize (Naghipour, 1996). This results in a moisture gradient between the surface

and the core. At higher levels of water sorption, significant property decreases can

occur, due to weakening of the woodlplastic interface (Uerkanrak, 2001). In addition,

these decreases in properties can be permanent (Clemons 2002).

1.3.4.2 Decay in WPC 's

WPC's are susceptible to decay, while the plastic component: polyethylene,

polystyrene, and polyvinyl chloride are not susceptible to fungal attack (Naghipour,

1996). The wood component can be attacked by normal wood-decay fungi, especially



11

on the surface (Guzman, 2003). The severity of decay varies with wood species, type

of plastic used, additives, ratio of woodlplastic, and other factors. The only accurate

way to evaluate decay in WPC's is to test large pieces, and track performance as the

products age in use.

1.3.4.3 Mechanical Properties of WPC's

WPC's are more flexible than solid wood. They also exhibit less toughness

and more creep (Oskman and Clemons, 1998). The use of wood fibers to reinforce

plastics results in higher modulus of elasticity or stiffness (MOE), and modulus of

rupture or strength (MOR) (Simonsen, 1997). But, these properties vary widely based

on the size, amount, and type of wood used (Stark, 1999). Typically, the MOE is still

less than half that of solid wood (English, 1996). Also, polypropylene blends usually

perform better than polyethylene (English, 1996).

1.3.5 Nature of the Interphase

The properties of adhesion between the wood and plastic in a WPC depend on

the chemical nature of the fiber and the polymer, and also on the interaction between

the two bulk phases (Sanadi et al., 1992). Interaction is therefore an integration of the

physical interlocking and any chemical bonding. These physico-chemical effects can

be described by three areas.
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Chemical composition includes the functional groups and primary interactions

such as covalent bonding. In addition, surface effects and secondary

interactions such as acid-base interactions can be included in the chemical

composition.

Molecular parameters include the effects of branching, molecular

weight/polymer length, and distribution/dispersion of fiber in relation to the

polymer matrix.

The physical composition of the interphase includes interpenetrating networks,

crystallinity, and thermodynamic segregation of polymer alloys (Sanadi et al.,

1992).

The performance of the interface is determined by the physico-chemical nature

mentioned above and several other factors, such as voids and surface defects,

topography of the fibers, and composite effects such as stress distribution and strain

mismatches between fiber/interface/polymer (Sandi et. al, 1992).

The strength of the interfacial bonds has a direct impact on the macroscopic

properties of the WPC composite. A strong interphase results in a brittle composite

with respect to across-the-grain fracture. This is especially important with randomly

orientated filler such as wood flour. Weak interfacial bonding reduces de-lamination

resistance, shear/off-axis strength, compressive strength, and fatigue resistance (Piggot

and Dai, 1992). Greszczuk (1968) states that interface bonding effects both the

bending stiffness and strength. Also, a good interface bond will result in a sharp well-
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defined break at failure. A poor interface will demonstrate progressive bond failure,

then matrix failure, then finally fiber failure.

The properties of the fiber can influence the interphase. Length of the

reinforcing fibers also affects the interphase properties, and therefore the entire

composite. Short-fiber composites are more sensitive to interphase effects (Piggot,

1992). There is less interface surface per fiber for the function of stress transfer. A

good example is that the curve for stress versus fiber-lengthlfiber-diameter is positive

and linear for tungsten fibers (Piggot, 1992). The surface of the fibers also is an

important factor. Surface treating carbon fibers increased both interfacial shear and

overall properties (Piggot, 1992). Compatibilizers added to wood-polyethylene

improved bending and water absorption properties, most likely by affecting the

interphase between the wood and plastic (Geng, 2004).

1.3.5.1 Interphase Testing Methods

The effect of the interface on the overall composite can be evaluated by testing

the interfacial shear strength (IFSS). There are four main methods to test IFS S. These

are fragmentation, fiber push out/micro-compression, micro-debonding, and fiber pull-

out (Piggot and Dai, 1991: Sanadi et al., 1992; Rials et al., 1994).

The fiber fragmentation test involves embedding a single fiber in a matrix of

the plastic polymer. The sample is dog-bone in shape. The sample is then stressed in

tension along the longitudinal length of the fiber. The test continues until the fiber
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completely fragments into pieces equal to the fiber critical length (Sanadi et al., 1992).

But the influence of friction decreases the apparent bond strength in the fragmentation

test (Piggot and Dai, 1991). Also this test is precluded for wood flour composites due

to the extremely small size of the fibers. In addition, the non-uniformity of wood

fibers would preclude this test (Rials et. al., 1994).

The fiber push out/micro-compression test involves a cross-section of the

actual composite. A single fiber is pushed out of the composite using a nano-indenter.

But, in natural fibers, crushing or buckling will occur long before push out happens.

This test ultimately fails in most cases due to high interfacial pressure due to Poisson's

expansion of the fiber (Sanadi et al., 1992). The fiber will swell in cross-section,

increasing the recorded IFSS unrealistically during the test.

The micro-debonding/micro-tension test involves a small ellipsoidal bubble of

the polymer around the fiber (Sanadi et al., 1992; Piggott and Dai, 1991). But, it is

impossible or at least difficult to obtain consistent dimensions when forming the

samples. Any difference in dimensions of the sample can cause variations in the stress

distribution during testing (Sanadi et al., 1992).

Fiber-pullout testing appears to offer the fewest drawbacks. A single fiber is

embedded in a disc/button of polymer matrix (Sanadi et al., 1992; Piggott and Dai,

1991). Poisson's shrinkage occurs during this type of test due to tensile force on the

fiber (Sanadi et al., 1992). This does result in comparatively lower interfacial

pressures for the pull-out test (Piggot and Dai, 1991). Pull-out test samples are the

simplest of the four to construct and test. A standard testing machine can be used, and
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several simple manufacturing techniques are available (Piggott and Dai, 1991; Sanadi

et al., 1992). The drawbacks to pull-out testing are meniscus effects caused by oven-

molding and the difficulty in casting samples with small enough embedded lengths

(Schwartz, 2001). Also problematic is matching the history of the pull-out sample to

commercially manufactured products.

Selecting an IFSS testing method involves several criteria. The two primary

goals are to first compare the IFSS of different fiber-matrix interphasal systems, and

second to determine the failure mode of the interface (Sanadi et al., 1992). Results

can be very high, higher even than the shear strength of the matrix polymer,

suggesting a brittle fracture failure mode; friction increases the apparent bond strength

in the pull out method and decreases it in the fragmentation method (Piggott and Dai,

1991).

There are two lesser-used techniques. The first is dynamic mechanical

analysis (DMA). This procedure links molecular structure to properties, and provides

a measure of interphase volume, but is an indirect technique. DMA provides no direct

measure of IFSS. DMA is a non-destructive test that subjects the sample to a small

sinusoidal strain (Rials et al., 1994). The second method is wood veneer-pullout. This

method is accomplished by embedding a piece of veneer a set depth into a polymer.

Then a clamp is used to pull the veneer out of the matrix. This method is newer than

the others and offers ease of preparation and a larger test surface area, minimizing

deviation (Kazayawoko et al., 1999). The wood veneer-pullout test is unrealistic due

to the use of a veneer to simulate the interphase. In a WPC the wood is randomly
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orientated, experiences high shear mixing with the plastic, and present in small fibrous

form, not in a more or less undamaged sheet (veneer).

1.3.5.2 Pull-Out Testing Details

Due to the ease of sample preparation, and relative clarity of results, pull-out

testing appears to be the most ideal. Several researchers have published papers which

describe sample preparation, testing parameters, and test analyses (Piggot and Dai,

1991; Sanadi et al., 1992; Sanadi et al., 1993).

1.3.5.3 Failure Modes

There are four possible failure modes for the pull-out test. The pull-out test

appears to best simulate the stress distribution in a real situation. The first failure

mode is that the interphase yields (without fracture). This results in a uniform stress

distribution along the fiber length. Uniform stress distribution along the fiber length

means that the forces on the fiber are equal from end to end. The second mode occurs

when the stress reaches the interphase maximum stress, resulting in fracture of the

interphase. The third mode is failure from brittle fracture of the interphase resulting

from the energy release of propagation of a crack (Sanadi et al., 1992). Finally, a

mixed-mode failure can occur.



17

There are equations which describe each failure mode in terms of the force to

pull the fiber out, and the embedded length of the fiber. These equations are used to

calculate the stress in the interphase during the test. The mode of failure can be

determined by analysis of the loadldeflection curves obtained. In a wood

dowel/polyethylene system, mixed-mode failure with brittle fracture as the dominant

failure mode was observed (Sanadi et al., 1992).

During this thesis, a comparison between IFSS and bending properties is

desired. Therefore, the use of one equation using load over the area of the interface

can be used. This gives the following equation where F = IFSS, Pmax = maximum

load, L = the length of the dowel, and d = diameter of the dowel.

(1)
F=

itLd

1.3.5.4 Sample Preparation Techniques

There are two methods used for sample preparation of the pull-out test in the

literature: Piggot and Dai (1991) embedded glass and Kevlar fibers into a polymer

matrix using a special carousel to hold the fibers. Then the carousel was loaded with

polymer and placed in an oven. The carousel is designed in such a way that the fibers

and plastic are held in special "cartridges" that later fit into the testing machine The

elevated temperatures allowed the polymer to flow around the fibers, and then the

carousel was removed, and finally allowed to cool. Secondly, Sanadi et al. (1992)

used hardwood birch dowels that were polished with a crocus cloth. Teflon tubes
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were used in a special jig that held the dowels suspended vertically in the Teflon

tubes. Polyethylene was placed in the tubes with the dowels, and the entire apparatus

was placed in an oven. After the plastic melted and flowed around the dowels, the

heat was switched off, and the samples cooled inside the oven to allow a slow cooling

rate. Sanadi et al. (1992) also used various chemicals as compatibilizers, which were

applied as emulsion surface treatments on the dowel surface.

Both of these techniques were considered for the research involved with this

thesis. However, both had four points which did not fit our goals. First WPC's are a

mixture of wood and plastic. Both of these methods use only pure polymer around the

fiber being tested. Second, the fiber does not participate in the compounding step of

operation. So, any potential degradation of the wood surface during compounding is

avoided. Third, Sanadi et al. (1992) applied the compatibilizers as an emulsion onto

the surface of the dowels. This does not accurately mimic the use of compatibilizers

in a WPC. Compatibilizers are added during the compounding step, and therefore are

not added directly to the interface, but are mixed and dispersed throughout the

mixture. Fourth, oven-molding pull-out samples are hampered in geometry by

meniscus effects (Schwartz, 2001). Much like liquid in a graduated cylinder will have

a meniscus up the walls of the cylinder, the plastic will form a meniscus up the dowel.

This will affect results in an unpredicmanner (Schwartz, 2001).



1.3.5.5 Pull-Out Sample Testing

A universal testing machine is used to perform the pull-out test. Cross-head

rates were varied in the literature. Sanadi et al. (1992) used 2.5 mrnlmin with a

relatively large dowel of approximately 2.14 mm Piggot and Dai (1991) used 0.5

mmlmin with their smaller carousel/cartridge method. Tensile load and distance

traveled were recorded in both cases. Finally, the load/deflection curve was plotted.

Fiber/dowel diameter and embedded length were measured. Sanadi et al. (1992) used

an average of several measurements for their samples. Also, any samples with off-

center dowels or cracks in the plastic were rejected. The "harvest rate" was about 15-

18 out of2O.

Chapter 2 Method Development

Since the intent of this thesis project is to develop a new pull-out test method

that addressed the deficiencies of the methods listed in the literature, we proposed to

subject wooden dowels to the same treatment that the WPC received during

compounding. Further, the dowels would be embedded in a WPC not into a pure

polymer matrix (Sanadi et al., 1992; Piggot and Dai, 1991). Third, any

compatibilizers would be added to the WPC, not directly applied to the dowel surface

(Sanadi et al., 1992).

The difference in the project goals lead to several questions that needed to be

answered prior to data collection. First, how would the dowels be processed prior to
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the compounding step? Second, how would the compounding step need to differ to

allow introduction of the dowels? Third, how would the pull-out samples themselves

be made, and what dimensions would they be? Finally what parameters would be

used for the pull-out test?

2.1 Dowel Preparation Development

In the literature, crocus paper, a rough surfaced polishing cloth, was used to

prepare wooden dowel surfaces prior to embedding (Sanadi et al., 1992). Some

removal of surface is necessary to provide a fresh surface for adhesion, and to remove

any possible contamination. This method was considered, as was sand-paper, but the

use of a small lathe was settled on due to consistency of roundness. Sand paper trials

resulted in dowels with uneven dimensions. We wanted to ensure roundness, so that

diameter measurements could be used to calculate circumference accurately.

A hobby-size Präzi lathe was used to remove some material about 25 mm from

one end of the dowel. A carbide cutting tool was used to ensure smooth machining

with minimal chip-out. The dowels original diameter was Y4 in (6.35 mm). Initially

dowels were machined by moving the tool in from the surface one revolution of the

control dial. This resulted in a diameter of about 3.8 mm. A capability study was

performed using this procedure on both oak and pine dowels. Measurements of the

machined surface were made at 3 mm and 13 mm from the end. Two measurements

were made at each location.
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After preliminary testing of complete pull-outs the lathe procedure was

modified to minimize wood failure. A thicker diameter for the dowel exhibited less

wood failure and less deviation in the pull-out test. The cutting depth on the lathe was

changed to V2 revolution of the dial which equated to a final dimension of about 5 mm.

2.2 Brabeuder Compounding Development

This project is focused on correlating IFSS to bending properties for WPC's.

Specifically, the comparison of IFSS to bending properties for WPC's with certain

compatibilizers was desired. Kymene®, stearic anhydride, maleic-anhydride

polyethylene (MAPE), and stearic acid (either separately or in various combinations)

can improve bending and other properties of WPC's (Geng 2004). The compounding

procedures listed in Geng (2004) were followed as much as possible or modified to

allow the insertion of the pull-out dowel.

A Brabender Plasticorder was used to compound the wood, plastic, and

compatibilizers (if called for). All preliminary testing was done on pine flour and

high-density polyethylene (HDPE) composites. Geng (2004) called for wood flour to

be added to the Brabender bowl and mixed for 10 minutes at 120 °C. Then, the

temperature was raised to 170 °C and the HDPE was added. This procedure was

considered unaccepdue to the time the wood is exposed to temperature prior to

introduction of the dowels. To alleviate this perceived problem, the pine and HDPE

were mixed together prior to introduction to the Brabender. The temperature was 165
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°C. The wood and plastic were mixed for five minutes while holding the dowel tips

inside the mixing bowl by hand for about 5 minutes of stirring. This was unsuccessful

as the WPC failed to adhere to the dowel surface. So, the WPC was hand-molded

onto the dowels individually, and allowed to cool. Of 6 dowels embedded in WPC,

only three were successfully machined and tested. It was decided that the procedure

needed modification.

Three special jigs were designed and made (Figure 2.1). These jigs were

machined out of solid steel, and were shaped to fit the inlet of the Brabender mixing

bowl. The jigs each have three holes in them, with an Allen set-screw for each hole.

The holes are sized slightly larger than the un-machined portion of the dowels (6.35

mm). This allows three dowels with machined tips to be held at a controlled depth in

the mixing bowl.



Figure 2-1 Photographs of the Brabender dowel jigs used in this study. (a) Close up
photo of the jig from the side with dowels inserted. (b) Photograph of the jig with
dowels installed in the Brabender bowl, as during Brabender compounding.

Preliminary work with the jigs was focused on the depth of the dowels in the

Brabender bowl. Pine and HDPE were used at 40/60% ratio respectively. Mixing

time with the dowels was 5 minutes. The temperature was again 165 °C. Depths of

60, 65, and 70 mm as measured from the tip of the dowel to the top of the jig were

tried. The shorter length resulted in no WPC coverage of the dowels. The longer

length experienced dowel breaking. The depth of 65 mm was chosen as the standard

use length. The distance of 65 mm from dowel tip to top of the jig equals about 15

nm-i of the dowel tip sticking out of the bottom of the jig into the mixing bowl.

Mixing time was studied next. There was still the problem of minimal sticking

of the WPC to the dowels. After several permutations, a procedure of 1 minute of
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stirring with no dowels, followed by 2 minutes stirring with the dowels, and finally 2

minutes of no stirring before removal resulted in the best coverage. Even with the best

coverage, there was some hand-molding needed to provide enough WPC to machine

into a viable pull-out sample.

Another factor looked at was total mass of WPC in the mixing bowl. The

Brabender bowl needs to be as full as possible without overflow to ensure full mixing

of the composite during compounding. Also the dowels took up some volume, so the

mass used needed to be adjusted to account for the volume of the dowels. Several

different masses were tried, and 49 g appeared to provide the best results.

In all cases for this preliminary study, the dowels and the wood flour were both

oven-dried prior to Brabender compounding. This was done in an oven at 103 °C for

at least 20 hours. This ensured minimal moisture during the compounding step.

2.3 Pull-Out Specimen Development

Next, the samples needed to be machined into pull-out test specimens. Again,

the Präzi lathe with a carbide tool was used. The dowels in the jig from each

Brabender run were incased by the solidified WPC, so first the three dowels were cut

apart from each other using a band-saw.

Next, the individual dowels with WPC on them were machined to an

embedded length of about 5 n-un (or eight turns of the dial). First the end of the WPC

adhering to the dowel was cut flush with a band saw until the dowel was surrounded



by WPC. Then the WPC was machined on the dowel-connected side, just to the

dowel surface. This created a "button" of WPC on the dowel. The thickness of the

button varied from 2 to 3 mm (Figure 2.2).

6.35 mm dowel

Machined to 5 mm to expose
fresh surface

Machined on lathe to square
plastic to dowel

/1 Plastic "button"

3 mm

Cut on lathe to determine length

Figure 2-2 Schematic of a pullout sample after machining, prior to testing.

The variation between samples for embedded depth was small, but one source

of deviation between groups was when a carbide lathe tool was changed or sharpened.

Then the number of dial turns would result in a different average value. Therefore the

deviation in size between samples machined with different or re-sharpened tools was

larger. Machining the dowels by measurement might have been an improvement on

this method. But, the limited sample sizes, and multiple steps needed to reach the

pull-out sample machining precluded more work on this question during the thesis

project. To reduce the impact of this, the lathe tools were squared to a new dowel, and
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the dials were set the same way each time, but the minute differences between tools

probably introduced some additional variation.

2.4 Pull-Out Test Development

The pull-out test development involved two steps. The first step was to design

and produce ajig to hold the test specimens during the tensile pull-out test. The jig is

shaped like a box with the front panel removed. It has a base which allows it to bolt to

the of the Sintech universal testing machine. The jig is made of 12.7 mm aluminum

that is bolted together. A single hole, 15 mm in diameter, is centered in the top panel.

Specimens are inserted up through the jig and clamped at the dowel end. The sides of

the hole act as a surface from which to shear the WPC button off the dowel. A drill

chuck was used to clamp the dowel end of the samples. It was attached to the moving

cross head of the Sintech.

The second step was to determine a testing speed and duration. We decided to

test every sample until the WPC button fell off to ensure complete data acquisition.

Testing speed was set at 0.508 mm!min (0.02 inlmin). A plot of shear strength vs.

extension was gathered for every sample. The maximum shear strength was used to

calculate IFSS (Figure 2.3). This number was chosen as being close to the slowest

speed in the literature. 0.508 mm/mm was used since the testing machine operates in

SAE units. Sanadi et al. (1992) used 2 5 mm/mm and Piggot and Dai (1991) used 0.5

mmlmin.
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Figure 2-3 Typical plot of shear strength versus extension for the dowel IFSS pullout
test method. Data has been smoothed for clarity.

Chapter 3 HDPE WPC's

3.1 Abstract for Chapter

This study examined the relationship of interfacial shear strength (IFSS) and

bending strength (MOR) of several different wood-plastic composites (WPC's). All

of the WPC's used high-density polyethylene (HDPE) as the plastic matrix. Pine was

used as the wood species. Compatibilizers used included maleic-anhydride

polyethylene (MAPE), polymeric methylene diphenyl diisocyanate (PMDI),

KymeneTM, stearic acid, and stearic anhydride. A positive correlation between IFSS

and MOR for the control and MAPE-containing WPC's was observed. No direct

correlation was observed for the WPC formulations overall.



3.2 Objective

The objective of this portion of the project was to evaluate the relationship of

IFSS to MOR of HDPE WPC's, using a modified fiber pull-out test.

3.3 Materials

40-mesh wood flour (pine, 0.425 mm) was a gift from American Wood Fibers

(Schofield, WI). Wood flour was always oven dried prior to use for about 24 hours at

103 °C. Three foot long by '/4" diameter pine dowels were purchased from Bear

Woods Supply Co., Inc. (Cornwallis, NS, Canada). Dowels were kept in a

conditioning room prior to machining, and were oven dried for about 24 hours at 103

°C prior to sample preparation. High-density polyethylene (HDPE) (Fortiflex HP54-

60) was donated by BP Solvay Polymers North America (Houston, TX). Maleic

anhydride grafted polyethylene (MAPE) (A-C OptiPakTM 200) was a gift from

Honeywell International, Inc. (Morristown, NJ). Polymeric methylene diphenyl

diisocyanate (PMDI) was provided by Huntsman Group (Salt Lake City, UT).

KymeneTM (a paper wet strength agent) was a gift from Hercules Inc. (Wilmington,

DE). Stearic acid and stearic anhydride were purchased from Acros Organics

(Belgium).
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A Brabender Plasti-corder (C.W. Brabender Instruments Inc., South

Hackensack, NJ) was used to melt and mix the components using an attached mixing

bowl fitted with roller blades. The mixing bowl capacity was 47 g of WPC material.

Custom jigs held three wooden dowels in the mixing bowl during compounding.

After Brabender mixing the wood-plastic composites were cooled and stored. The

Brabender rpm was set at 100 rpm.

In addition to the pullout samples, WPC samples for flexural property

measurement were made as 100 x 100 x 2 mm boards compression molded on a

Carver automatic bench-top press (Caver Inc., Wabash, IN). A Präzi mill fitted with a

cutting wheel was used to cut the samples into bending test samples of approximately

12 x 50 x 2 mm. The pullout and flexural samples were made from the same

Brabender batch.

Pullout and bending tests were performed on a Sintech universal testing

machine (MTS Systems Corporation, Enumclaw, WA). This machine used a custom

jig for pullout tests, and a three-point bending jig for bending tests.

3.4 Methods

3.4.1 Pre-Brabender dowel preparation

Wooden dowels with a diameter of Y4" and a length of three feet were stored in

a standard room at 20 °C and 65% RH prior to use. When needed, they were removed

from the standards room, and cut into approximately 100 mm sections. These sections



were then machined on the Präzi lathe. The machining reduced the diameter on one

end to about 0.127" (5mm), for about 25 mm in length. The machining on one end

exposed a fresh surface free from any contamination. After machining the dowels

were oven-dried prior to use at 103 °C for about 24 hours. Dowels were machined

and dried prior to use. They were never stored for longer than 2 days.

3.4.2 Sample sizes

A minimum of six Brabender batches, with three dowels each was made for

each sample composition. This allowed for a possible 18 pullout samples. However,

some samples were lost due to breakage in the Brabender, breakage during secondary

machining, or wood failure during testing. A sample size of 12 was determined to be

necessary to satisfy a 0.95 confidence level (Montgomery, 1997). In addition, a

minimum of two WPC boards were made for each condition. From these two boards,

ten bending samples were made and tested.

3.4.3 HDPE WPC compounding parameters

The mixing temperature was 170 °C. Three different procedures were used for

the preparation of HDPE WPC's. Control and MAPE-containing samples used

method A. PMDI-containing samples used method B. KymeneTMcontaining samples

used method C. These procedures were adapted from published methods for similar
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WPC formulations (Geng 2004). 3.1 shows the composite formulations used in this

study.

3.1 HDPE WPC composite formulations

3.4.4 Method A (HDPE/pine control and HDPE/pine/MAPE)

The HDPE, pine and MAPE (if called for) were mixed manually in a beaker

and then added to the Brabender mixing bowl while mixing. Once the mixture was

completely in the bowl and the temperature had returned to 170 °C, the mixture was

stirred for 1 minute. The jigs with the dowels installed were then immediately added.

Then the mixture was stirred for two additional minutes, and finally mixing was

stopped for two minutes to allow for adhesion to the dowels and stress relaxation in

the WPC.

Following the mix and hold procedure, the jig/dowels were removed first with

some of the WPC attached. The WPC mixture always needed some hand molding to
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Constituents HDPE % Pine %
Compatibilizer

1

Compatibilizer

1%'s
Compatibilizer

2

Compatibilizer 2

%s

HDPE/pine control 60% 40% -- -- -- --

HDPE/pineIMAPE 69%, 58%, 56°/ 40% MAFE 1%, 2%, 4% -- --

HDPE/pine/PMDI 59% 40% PMDI 1% -- --

HDPE/pine/PMDI!

stearic acid
58% 40% PMDI 1% stearic acid 1%

HDPE/pine/KymeneTM 59% 40% KeneTM 1% -- --

HDPE/pine/KymeneTM

/stearic anhydride
58% 40% KymeneTM 1% stearic anhydride 1%



completely cover the dowels and to provide enough material for the pullout samples.

All remaining WPC was removed from the mixing bowl, and saved. Then the

Brabender bowl was cleaned in preparation for the next WPC batch.

3.4.5 Mixing method B (HDPE/pine/PMDI and HDPE/pine/PMDI!stearic acid)

HDPE, pine flour, and stearic acid (if called for) were put into a beaker and

mixed thoroughly with a mechanical stirrer. PMDT was added drop-wise while

stirring using a calibrated disposable pipette. The mixture was stirred for about 2

minutes, and then transferred to the Brabender. The dowels' machined ends were held

in the PMDI-containing mixture during mixing and then transferred to a jig. Once the

mixture was completely in the bowl and the temperature had returned to 170 °C, the

mixture was stirred for an additional one minute. The jigs with the dowels installed

were then immediately added. Then the mixture was stirred for two additional

minutes, and finally mixing was stopped for two minutes.

Following the mix and hold procedure, the jig/dowels were removed first with

some of the WPC attached. The WPC mixture always needed some hand molding to

completely cover the dowels and to provide enough material for the pullout samples.

All remaining WPC was removed from the mixing bowl, and saved. Then the

Brabender bowl was cleaned in preparation for the next WPC batch.
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3.4.6 Mixing method C (HDPE/pine/KymeneTM and HDPE/pinelKymeneTM/stearic
anhydride)

KymeneTM was received as a 12.5% solids aqueous solution. In a beaker, this

solution was diluted to 2% solids using deionized water. The desired amount of pine

flour was then added to the beaker while stirring with a mechanical stirrer. Stirring

continued for about 2 minutes, until the mixture looked uniform, and pine flour

absorbed all of the solution. Then the mixture was oven dried at 103 °C for about 20

hours. The dowels' machined ends were held in the mixture during mixing, and then

oven dried.

After oven drying, the mixture was hand stirred with the HDPE and stearic

anhydride (if called for). Then the entire batch was added to the Brabender. Once the

mixture was completely in the bowl and the temperature had returned to 170 °C, the

mixture was stirred for one minute. The jigs with the dowels installed were then

immediately added. Then the mixture was stirred for two additional minutes, and

finally mixing was stopped and the dowels held in the mix for two minutes.

Following the mix and hold procedure, the jig/dowels were removed first with

some of the WPC attached. The WPC mixture always needed some hand molding to

completely cover the dowels and to provide enough material for the pullout samples.

All remaining WPC was removed from the mixing bowl, and saved. Then the

Brabender bowl was cleaned in preparation for the next WPC batch.
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3.4.7 Pullout test

The "button" on the dowel was carefully machined as previously described to a

3 mm thickness. The pullout samples were tested on the Sintech machine as described

in Chapter II. Load and deflection data were recorded for the duration of the test until

the donut fell off the sample. The diameter of the dowel and the thickness of the

donut were each measured in two locations to average any deviation across the

samples. The IFSS was calculated from the highest recorded load, the diameter of the

dowel portion embedded in WPC and the thickness of the WPC donut according to

equation (1).

3.4.8 Compression molding WPC boards

Three steel compression molds 101.6 mm x 101 6 mm wide x 2 mm thick were

used to mold WPC boards. A silicon-based release agent was used to prevent

adhesion to the molds. The automatic Carver bench top press was preheated to 185°.

Between 32 and 33 grams of WPC material from one Brabender batch were placed in

the mold. The mold was pre-heated for 10 minutes then slowly closed to allow the

mixture to flow into the mold shape. The press pressure was raised from 35 to 340

kPa over the course of about two minutes. Finally, the pressure was raised to 340 kPa

for an additional 10 minutes. The mold was then removed from the hot press and

cooled under pressure at ambient conditions.
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3.4.9 Three point bending test

The samples from compression molding were tested in bending on the Sintech

machine using a three-point bending jig. The span was set at 43 mm. Bending tests

were performed in accordance with ASTM D790-02. Load and deflection were

recorded for each test sample. Cross head speed was set at 1 mmlmin Every sample

had brittle-mode failure. Modulus of rupture (MOR) and modulus of elasticity (MOE)

were automatically calculated by the Sintech software. MOR (bending strength) was

calculated using the maximum load recorded. MOE was calculated from the slope in

the initial elastic region of the load-deflection curve. MOE is a measure of stiffness in

the composite.

3.5 3.5 Results and Discussion

Pullout and Bending Results for all of the iterations are given in 3.2. This

section will discuss each composite in detail. At the end, a comparison of the

relationship between IFSS and MOR is given.
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3.2 HDPE WPC pullout and bending test results.

3.5.1 HDPE/pine control

The samples for HDPE/pine control contained 60% HDPE and 40% 40-mesh

pine flour. Method A was used for compounding in the Brabender. The pullout test

average was 1.73 MPa. Ten out of the eighteen samples gave usable results. The

main failure was breakage during the post-Brabender machining step, with four

samples broken. Two samples were rejected after testing, one due to the dowel being

"out-of-round", and the other due to a gap between the WPC and the dowel. MOR for

the controls was an average of 26.6 MPa, with an MOE of 1.5 GPa.

3.5.2 HDPE/pine/MAPE

There were three levels of MAPE used for these samples. MAPE was used at

1%, 2%, and 4% by mass. The respective HDPE mass percentages were 59%, 58%,

and 56%. Pine flour was held constant at 40%. Method A was used for compounding

in the Brabender.
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WPC fbrmulation

IFSS

(MPa) Std. Dev

MOR
(Mpa) St Dev

MOE
(Gpa) St Dcv

HDPE/pine Control 1.73 0.55 26.6 2.4 1.5 0.2

HDPE/pine/1%MAPE 2.93 0.70 31.1 4.4 1.7 0.2

HDPE/pine/2%MAPE 3.27 0.73 33.0 3.1 1.5 0.2

HDPE/pine/4%MAPE 1.81 0.50 30.5 2.9 1.5 0.2

HDPE/pine/PMDI 0.96 0.08 31.2 2.6 1.7 0.2

HDPE/pine/PMDllstearic acid 1.01 0.05 28.5 2.2 1.7 0.1

HDPE/pine/KymeneTM 1.69 0.87 26.2 2.3 1.6 0.2
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The 1% MAPP WPC's had average values of 2.93 MPa for IFSS, 31.1 MPa

for MOR, and 1.7 GPa for MOE. Five of the eighteen pullout samples for 1% MAPE

had gaps in the WPC in the interface area. Also, two of the samples exhibited wood

failure in the interface. Eleven of the eighteen 1% MAPE samples had usable pullout

values.

2% MAPE WPC's had average values of 3.27 MPa for IFSS, 33.0 MPa for

MOR, and 1.5 GPa for MOE. This group had more samples made than the others. An

additional six Brabender batches were made, for a total of 21 possible pullout samples.

Of these, two broke during the post-Brabender machining, two had gaps between the

WPC and the dowel, and six exhibited wood failure of the dowel in the interface. This

left 15 usable pullout values for the average.

4% MAPE samples had average values of 1.81 MPa for IFSS, 30.5 MPa for

MOR, and 1.5 GPA for MOE. Three of the eighteen pullout samples broke during

post-Brabender machining. One pull-out sample had a gap between the WPC and the

dowel. This left 15 usable pullout values for the average.

3.5.3 HDPE/pine/PMDI and HDPE/pine/PMDllstearic acid

The WPC's containing PMDI used Brabender compounding procedure B.

Pine flour was held constant at 40%. PMDI was used at 1%, and stearic acid was

either not used or used at 1%. Thus, HDPE levels were 59% and 58% respectively.
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HDPE/pine/PMDI WPC's had average values of 0.96 MPa for IFSS, 31.2 MPa

for MOR, and 1.7 GPa for MOE. Four of the eighteen pullout samples broke during

post-Brabender machining. Fourteen pullout samples gave usable pullout values.

HDPE/pine/PMDI!stearic acid had average values of 1.01 MPa for TFSS, 28.5

MPa for MOR, and 1.7 GPa for MOE. Five of the eighteen pullout sample broke

during post-Brabender machining. One sample exhibited wood failure in the interface.

Twelve pullout samples gave usable pullout values.

3.5.4 HDPE/pine/KymeneTM and HDPE/pinelKymeneTM/stearic anhydride

The WPC's containing KymeneTM used method C for compounding in the

Brabender. Pine flour was held constant at 40%. KymeneTM was used at 1%, and

stearic anhydride was either not used or used at 1%. Thus, HDPE levels were 59%

and 58% respectively.

I-IDPE/pine/KymeneTM WPC's had average values of 1.69 MPa for IFSS, 26.2

MPa for MOR, and 1.6 GPa for MOE. Five of the eighteen pullout samples broke

during post-Brabender machining One sample exhibited wood failure in the interface.

Twelve pullout samples gave usable pullout values.

HDPE/pine/KymeneTM/stearic anhydride had average values of 2.58 MPa for

JFSS, 25.8 MPa for MOR, and 1.7 GPa for MOE. Two of the eighteen pullout

samples broke during post-Brabender machining One sample exhibited wood failure

at the interface. Sixteen pullout samples gave usable pullout values.



3.5.5 IFSS/MOR relationships

A generally linear relationship was observed for the control and MAPE WPC's

with a correlation coefficient of about 66% (Fig. 3.1). When the 4% MAPE datum is

removed the correlation improves to 99%. Both the MOR and IFSS drop for the 4%

value. It has often been observed that MAPE has an optimum value in WPCs (Geng

2004), generally less than 4%. The drop in MOR is accompanied by a drop in IFSS,

however, the linear correlation no longer holds as well. This suggests that the

reduction in values due to the high MAPE content effects more than just the

interphase.

4.50
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Figure 3-1 Plot of HDPE WPC bending MOR vs. pullout IFSS values for control and
MAPE-containing formulations with ± standard deviation error bars. Also included is
a regression line with linear equation and R-squared correlation shown. 4% MAPE
has been omitted from the correlation.
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The WPC formulations containing PMDI, with or without stearic acid,

displayed very low IFSS to MOR values compared to the rest of the formulations. We

speculate that the dowel surface did not undergo the same reaction with PMDI as did

the wood flour. The surface of the dowel may experience higher shear than the

surface of the filler particles. This may have some effect on covalent bonding in the

interphase. It is also possible that the PMDI reacted prior to the introduction of the

dowels. These suppositions may explain the increase in MOR over the control, but a

decrease in IFSS compared to the control.

Formulations containing KymeneTM, with or without stearic anhydride, did not

show an improvement in MOR. The MOR values were not significantly different

from the control. The IFSS did improve versus the control for the KymeneTM and

stearic anhydride formulation, but the amount was negligible. The liquid mixing step

probably allowed the KymeneTM to be absorbed by the pine flour, without a

representative amount being absorbed by the surface of the dowels. The procedure for

KymeneTM containing WPC's does not allow the dowel to adequately represent the

pine flour as a tesinterface surface. Further experimentation on this method was

aborted due to the complexity of the mixing procedure.

Both the PMDI and KymeneTM containing WPC formulations used a procedure

which exposed the pine flour to a liquid compatibilizer. While the best attempt was

made to expose and treat the dowel surface to the same conditions as the pine flour

filler, these efforts appeared to be unsuccessful. This is the most likely reason the

IFSS does not track well with the MOR. Figure 3.2 is a plot of all the data for HDPE
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WPC composites, with the data series identified to allow comparison of the various

systems.

Figure 3-2 Plot of HDPE WPC bending MOR and pullout JFSS values for all HDPE
formulations.

3.6 Conclusions

The MOR and IFSS for HDPE WPC's showed an excellent correlation for

control, 1 and 2% MAPE. The 4% MAPE did not fit this trend in either MOR or

IFS S. Thus the mechanism of compatibilization is different, and not optimal, for the

4% MAPE sample. The PMDI-based compatibilizers did not show a good correlation.

The KymeneTM-based compatibilizers also did not show good correlation. The

samples with just KymeneTM showed no difference from the control. The
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compounding methods used may account for the lack of correlation. Reduced mixing

times relative to standard processing protocols, could explain the high variability.

Chapter 4 PP WPC's

4.1 Abstract for Chapter

This study examined the relationship of interfacial shear strength (IFSS) and

bending strength (MOR) of several different wood-plastic composites (WPC's). All

of the WPC's used polypropylene (PP) as the plastic matrix. Pine and oak were used

as the wood species. The compatibilizer used was maleic-anhydride polypropylene

(MAPP) at dosages of 1%, 2%, and 4%. MOR versus IIFSS for PP/pine control and

PP/pine/MAPP-containing WPC's showed a strong positive linear correlation when

the 4% MAPP formulation was omitted, but the increase in properties observed did

not rise proportionally with MAPP dosage. PP/oak WPC's showed poor correlation

between MOR and IFSS. Microscopic analysis of the WPC's was inconclusive in

determining the quality of the wood particle dispersion in the PP matrix and the

presence of transcrystallinity in the PP.



4.2 Objective

The objective of this portion of the project was to evaluate the relationship of

IFSS to MOR of PP WPC's, using the modified fiber pull-out test.

4.3 Materials

Wood flour (40-mesh, pine, 0.425 mm and oak, 0.425 mm) was a gift from

American Wood Fibers (Schofield, WI). Wood flour was always oven dried prior to

use for about 24 hours at 103 °C. Three foot x ¼" diameter pine and oak dowels were

purchased from Bear Woods Supply CO Inc. (Comwallis, NS, Canada). Dowels were

kept in a conditioning room prior to machining, and were oven dried for about 24

hours at 103 °C prior to sample preparation. Polypropylene (PP) (Fortilene HB 1602)

was donated by BP Solvay Polymers North America (Houston, TX). Maleic

anhydride grafted polypropylene (MAPP) (A-C OptiPakTM 210) was a gift from

Honeywell International, Inc. (Morristown, NJ).
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4.4 Methods

4.4.1 Pre-Brabender dowel preparation

Wooden dowels with a diameter of '/4" and a length of three feet were stored in

a standard room at 20 °C and 65% RH prior to use. When needed, they were removed

from the standards room, and cut into approximately 100 mm sections. These sections

then were machined on the Präzi lathe. The machining reduced the diameter on one

end to about 0.127" (5mm), for about 25 mm in length. The machining on one end

exposed a fresh surface free from any contamination. After machining the dowels

were oven-dried prior to use at 103 °C for about 24 hours. They were never stored for

longer than 2 days.

4.4.2 PP WPC Brabender compounding

The Brabender was set for 180 °C. Pine or oak flour and MAPP (if called for)

were pre-mixed together thoroughly by hand. PP was added to the Brabender. After

all of the PP was inside of the bowl and the temperature returned to 180 °C, it was

mixed for 10 minutes. Then the pine or oak flour and MAPP (if called for) were

added. Once the mixture was completely in the bowl and the temperature had returned

to 180 °C, the mixture was stirred for 1 minute. The jigs with the dowels installed

were then inserted. Then the mixture was stirred for an additional two minutes, and
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finally mixing was stopped for two minutes. This procedure was adapted from a

procedure developed for similar WPC's by Peter Zhang (Zhang, 2004).

Following the mix/hold procedure, the jig with the dowels was removed first

with some of the WPC attached. The WPC mixture always needed some hand

molding to completely cover the dowels and to provide enough material for the pullout

samples. All remaining WPC was removed from the mixing bowl, and saved. Then

the Brabender bowl was cleaned in preparation for the next WPC batch.

4.4.3 PP WPC formulations

There were eight formulations used for this portion of the project, four each for

pine and oak. The groups were control, 1% MAPP, 2% MAPP, and 4% MAPP. The

mass percentage of pine was held constant at 40%. HDPE was 60% for the control

and decreased for the MAPP groups by the amount of MAPP added. 4.1 shows all of

the composite formulations used in this section.

4.1 PP WPC composite formulations

Constituents HDPE % Pine % Compatibilizer
Compatibilizer

%'s
PP/pine control 60% 40% -- --

PP/pine/MAPP 59%, 58%, 56% 40% MAPE 1%, 2%, 4%
PP/oak control 60% 40% -- --

PP/oak/MAPP 59%, 58%, 56% 40% MAPE 1%, 2%, 4%



4.4.4 Additional method information

The methods used for the PP WPC's were identical to the HDPE WPC's

except for Brabender compounding. Sample sizes, pullout test parameters,

compression molding, and three point bending were all identical to the methods

described in chapter four.

4.4.5 Microscopic Analysis

Samples for microscopic analysis were microtomed to 20 tm slices. A Nikon

microscope with a digital camera was used to view and then acquire images of the

WPC's at 40X magnification. Crossed-polarized filters were used to reveal

spherulites in the PP matrix. These are the polymer crystals that form in PP. All

WPC's were viewed microscopically. The purpose of the microscopic analysis was to

compare the PP matrix visually between control and MAPP-containing WPC's.

Transcrystallization is a known phenomenon in PP-based WPC's. The MAPP has

been observed to act as a nucleating agent for PP crystallization. Thus spherulites

form at the wood particle surface, improving the mechanical properties of the

composite.
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4.5 Results and Discussion

Pullout and bending test data for all of the samples are given in 4.2 for pine

WPC's, and in 4.3 for oak WPC's. This section discusses each WPC formulation in

detail. At the end a comparison of the relationship between JFSS and MOR is given.

In addition, microscope analysis results are reported.

4.2 PP/pine WPC pullout and bending test results

4.3 PP/oak WPC pullout and bending test results

4.5.1 PP/pine control

The samples for PP/pine control contained 60% PP and 40% 40-mesh pine

flour. The pullout test average was 2.34 MPa. Sixteen out of the eighteen pullout

samples gave usable values. Two samples broke during the post-Brabender machining

step. MOR for the controls was an average of 36.7 MPa, with an MOE of 2.3 GPa.
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WPC formulation
IFSS
(Mpa) Std. Dev

MOR
(Mpa) St Dev

MOE
(Gpa) St Dev

PP/pine control 2.34 0.73 36.7 3.1 2.3 0.3
PP/pine/1% MAPP 3.60 0.98 46.1 8.0 3.0 0.6
PP/pine/2% MAPP 2.97 0.71 43.7 4.2 2.7 0.3
PP/pine/4% MAPP 3.94 0.64 40.6 4.2 2.6 0.2

WPC formulation
IFSS
(Mpa) Std. Dev

MOR
(Mpa)

-
St Dev

MOE
(Cpa) St Dev

PP/oakcontrol 3.66 0.61 31.5 2.8 1.8 0.2
PP/oak/1% MAPP 4.39 1.24 43.9 3.9 2.5 0.2
PP/oakl2% MAPP 3.32 0.72 46.8 3.3 2.6 0.3
PP/oak/4% MAPP 3.75 1.11 43.9 1.6 2.6 0.2



4.5.2 PP/pine/MAPP

MAPP was used at 1%, 2%, and 4% by mass for these samples. The

respective PP mass percentages were 59%, 58%, and 56%. Pine flour was held

constant at 40%.

The 1% MAPP WPC's had average values of 3.60 MPa for IFSS, 46.1 MPa

for MOR, and 3.0 GPa for MOE. Thirteen out of the eighteen samples gave usable

pullout results. Four samples were rejected after testing due to wood failure of the

dowel. One additional sample broke during the post-Brabender machining step.

2% MAPP WPC's had average values of 2.97 MPa for IFSS, 43.7 MPa for

MOR, and 2.7 GPa for MOE. Four pullout samples broke during the post-Brabender

machining. Four exhibited wood failure of the dowel in the interface. This left 12

usable pullout values for the average.

4% MAPP samples had average values of 3.94 MPa for IFSS, 40.6 MPa for

MOR, and 2.6 GPA for MOE. Two pullout samples broke during post-Brabender

machining. Thirteen samples exhibited wood failure in the interface. This left only

three usable pullout values for the average. This number of values is insufficient as a

statistically valid sample at the 0.95 confidence level.
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4.5.3 PP/pine JFSS/MOR relationship

Similarly to the HDPE experiments, a correlation appears to exist for the PP-

based samples at 1 and 2% MAPP. However, the 4% MAPP sample did not fit the

trend. In addition, the 2% MAPP sample, while it did fit the linear regression, did not

follow expectations in that 2% MAPP is typically optimal in this situation (Zhang, C.,

K. Li and J. Simonsen, in press), however, the difference in MOR is not statistically

significant. The cause of this incongruity could be due to impaired mixing due to the

presence of the dowels in the mixing chamber and a shorter mixing time compared to

typical experiments. The shorter mixing time was required to reduce breakage of the

dowels during mixing. In addition, the number of samples for the 4% is low, reducing

the statistical relevance of the average. When the PP/pine/4% MAPP sample is

removed from the analysis, the linear correlation yields an r2 value of 92.7% (Figure

4.1). As with the HDPE samples, it appears that there may be a range of

compatibilizer concentrations where the IFSS controls the MOR. Outside of this

range (the 4% MAPP value), other factors may be controlling the mechanical

properties.
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Figure 4-1 Plot of PP/pine WPC bending MOR versus pullout IFSS values for

control, 1%, and 2% MAPP-containing formulations with ± standard deviation error

bars. Also included is a regression line with linear equation and R-squared correlation

shown. 4% MAPP is not included in the regression.

4.5.4 PP/oak control

The samples for PP/oak control contained 60% PP and 40% 40-mesh oak flour.

The pullout test average was 3.66 MPa. Fifteen out of the eighteen pullout samples

gave usable values. Three samples broke during the post-Brabender machining step.

One sample had a gap between the WPC and the dowel. MOR for the controls was an

average of 31.5 MPa, with an MOE of 1.8 GPa.
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4.5.5 PP/oakIMAPP

There were three levels of MAPP used for these samples. MAPP was used at

1%, 2%, and 4% by mass. The respective PP mass percentages were 59%, 58%, and

56%. Oak flour was held constant at 40%.

The 1% MAPP WPC's had average values of 4.39 MPa for IFSS, 43.9 MPa

for MOR, and 2.5 GPa for MOE. Nine out of the eighteen samples gave usable

pullout results. Five samples were rejected after testing due to wood failure of the

dowel. One sample had a gap in the WPC interface. Three additional samples broke

during the post-Brabender machining step.

2% MAPP WPC's had average values of 3.32 MPa for IFSS, 46.8 MPa for

MOR, and 2.6 GPa for MOE. Seven exhibited wood failure of the dowel in the

interface. Two samples broke during the post-Brabender machining step. This left

nine usable pullout values for the average.

4% MAPP samples had average values of 3.75 MPa for JFSS, 43.9 MPa for

MOR, and 2.6 GPA for MOE. Ten out of the eighteen samples gave usable pullout

results. Six samples were rejected after testing due to wood failure of the dowel. Two

samples had a gap between the WPC and the dowel.

All of the PP/oak!MAPP WPC formulations lacked a sufficient number of

values for statistical relevance at the 0.95 confidence level. The oak displayed a

higher proportion of wood failure and post-Brabender machining failure than the pine.

This might be due to the overall larger fiber and vessel cell-structure of oak and the

resulting machinability of oak compared to pine. It seemed that cuts made with the
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lathe caused the dowels to split, causing breaking during machining and wood failure

during the pullout test.

4.5.6 PP/oak IFS S/MOR relationship

The relationship exhibited between IFSS and MOR did not correlate well for

PP/oak WPC's with or without MAPP. Figure 4.2 displays a plot of the PP/oak

control and PP/oak/MAPP data. High variability is evident from the length of the

error bars. The oak does not have as smooth a surface as pine, and chipping during

machining was more prevalent. Also, a high percentage of wood failure was exhibited

by the oak dowels. The MOR values did not show a strong compatibilization effect

with MAPP, which is unusual in this system. The cause of this result is unknown;

however, the procedure required for IFSS experiments was necessarily different from

the typical procedures used in the lab by other researchers. The IFSS values were

highly variable. Statistical significance, or even a trend in the data, was not apparent.

Further research is needed to sort out the causes of the variability observed in these

experiments.
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Figure 4-2 Plot of PP/oak WPC bending MOR versus pullout TFSS values for control,
1%, 2%, and 4% MAPP-containing formulations with ± standard deviation error bars.

4.5.7 Microscopic Analysis

The microscopic analysis of all the PP pine and oak WPC's did not reveal any

differences between formulations in the interface area, or microscopic appearance of

the composites. Spherulites were observed in both control and MAPP-containing

WPC's. However, the spherulites were difficult to image clearly due to obscuration

by the wood particles, thus only large differences could have been observed (Figure

4.3). At the level of detail observable in these systems, there was no apparent increase

in the amount or size of the spherulites due to increased MAIPP dosage.
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Figure 4-3 Oak with 2% MAPP, 200 X magnifications with crossed polarizing filters.

4.6 Conclusions

The MOR and IFSS for PP/pine WPC's showed similar behavior to the

HDPE/pine samples for control, 1 and 2% compatibilizer. MOR versus IFSS for

PP/pine control and PP/pine/MAPP-containing WPC's showed a strong positive linear

correlation when the 4% MAPP fojijiulation was removed, but the increase in MOR

observed did not rise proportionally with MAPP dosage. The oak-filled systems did

not show a good correlation overall. The machining and pullout test caused much

failure of the oak dowels themselves. The physical structure of oak dowels may be the

reason for failure to obtain viable results with the pull-out method used. Also, the use
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of a jig in the Brabender and reduced mixing times could explain the high variability

and lack of consistent property improvements.

Microscopic analysis of the WPC's showed no visible differences between the

formulations, although the observation was difficult.

Chapter 5 Statistical Analysis

After closer examination of the data and plots, it was decided to try some

additional analysis. This analysis was to match IFSS values individually with the

MOR average by Brabender batch. Each WPC formula had two batches from which

MOR test samples were made. Five MOR samples from each of the two batches were

tested and recorded. These five MOR values were averaged. Then, the IFSS values

from the batches were plotted using the MOR value as the y-axis. Since, the IFSS

values were not averaged, the plots give a better indication of the relationship between

IFSS and MOR. A linear regression of the data is shown on the plot (Figure 5.1).
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Figure 5-1 Plot of individual IFSS values with matched MOR averages. HDPE and

PP composites have separate regression lines.

Plotting the data in this way removes the variability associated with the lESS

means. Also, the IFSS and MOR value are paired within a single Brabender batch.

This method does result in lower regression values. But, the plots show a general

increase in MOR with an increase in IFSS, independent of formula or batch. Plotting

the HDPE/pine and PP/pine with separate regression lines gives r2 values of 29.8%

and 51.2% respectively. This is quite lower than the averaged IFSS and averaged

MOR regression r2 values of 99.1% and 92.7% reported in chapters three and four.

Overall, PP/pine performed better in the regression exercise. The combined regression
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6.1 Recommendations for Future Work
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line in Figure 5.2 gave a r2 value of 53.0%. This value shows a weak trend of

increasing MOR with an increase inIFSS. This approach requires that MOR values

be obtained on each batch. It is recommended that future work adopt this approach.

Chapter 6 Conclusion

The dowel pullout method for measuring IFSS is a difficult experiment at best.

There are many steps which require careful work and attention to detail. Good

correlation of IFSS to MOR was observed for pine-filled WPC's using both HDPE

and PP as the thermoplastic under certain conditions. Oak-filled WPC's exhibited

poor correlation. Liquid-type compatibilizers appear to be inappropriate for this

method. We speculate that the liquid is absorbed by the wood flour, and does not

transfer to the dowels, resulting in a lack of correlation. In addition, the presence of

the dowels in the Brabender mixing bowl may be changing the fluid dynamics of the

system and introducing systematic error to the results in general. However, further

refinement of the dowel-method procedure may improve results. Also, it is important

to minimize error in any study. Future work on IFSS using this type of approach

should use matched data of MOR and IFSS by Brabender batch.

The method of dowel pullout for measuring IFSS in WPC's is not perfect.

Improvements in the process of sample preparation and Brabender compounding may
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yield more uniform results. The parameters in the Brabender need to be examined in

detail to determine what the influence of the dowels is on the properties. Also, the

question of whether the dowel surface is being modified in the same way as the wood

flour filler needs to be answered. Further analytical work may answer these questions.

In addition, it has been shown important in chapter five to have paired data sets. MOR

data should be made for each Brabender batch to remove this source of error in the

analysis of the data.
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