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Polyethylene has been used extensively for natural gas transport since

the mid-1970's. The pipeline system is sound and well-functioning, but there
are some aspects of the system that could be improved. One of these is the

repair method of leaking pipes. Presently if a natural gas pipe begins to leak,
the damaged pipe is completely excavated. The pipeline around the
damaged area is clamped to seal the pipe and stop the gas flow. The bad

piece of pipe is cut out, and a new piece is welded in place. Often, with the
passage of time, these welds leak. This is not dangerous but it is costly.
The current research focuses on the viability of using a polyethylene
patch and a commercial adhesive to seal a leak in the natural gas pipeline.
The patch would be applied to the pipe through a keyhole excavation (18"

diameter) with a tool designed and manufactured by Timberline Tool. This
tool offers an advantage because repairmen will be able to operate the tool
from the ground level through a single keyhole excavation, and possibly
without stopping the gas flow in the pipe depending on the leak size.
Four commercial, acrylic-based, structural adhesives were analyzed for

bonding the patch to the natural gas pipe. Three of the adhesives are

manufactured by 3M Worldwide, DP-8005, DP-8010, and DP-8OIONS. The

fourth is manufactured by Henkel Loctite, Loctite 3030. The cure kinetics of
the adhesives were studied with differential scanning calorimetry (DSC)

experiments. The material and mechanical properties of three types of
polyethylene substrates (HDPE, pipe MDPE, and pressed MDPE) were
studied with tensile testing, contact angle analysis, DSC experiments, atomic
force microscopy, and scanning electron microscopy.
Previous research of determined the bonded patch must be able to
withstand up to 500 psi of shear force with an internal pipe pressure of 100
psi (normal pressure in the pipeline is 65 psi). Overlap shear tests were

used to analyze the shear strength of the bond between each adhesive and

the different polyethylene substrates. The shear tests were used to
determine the optimal cure conditions of the adhesives.

One adhesive, DP-8010 from 3M, was proven to be appropriate for

bonding a polyethylene natural gas pipe. When this adhesive is cured under
optimal conditions, and the surface of the polyethylene substrate is prepared
properly, consistent shear strengths between 800 and 1400 psi can be
attained.
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Development of an Adhesive Patch for Polyethylene Gas Pipe

1.

Introduction

Polyethylene ("PE") has been used in pipes for natural gas transport for

several decades. While, in general, the pipeline system is sound and wellfunctioning, there are some aspects of the system that could be improved.

One of these is the method of repairing leaking pipes. Presently when there
is a leaking pipe, the area around the pipe is completely excavated. The gas
flow is clamped off, and the faulty section of pipe is cut out. A new piece of
pipe is welded in place. Often with the passage of time these welds leak,
and although not dangerous, this loss of gas is costly.

Figure 1.1: Current Procedure for Repair of Natural Gas Pipeline.
(Timberline Tool, 2004)

This research concentrated on the viability of using polyethylene and a

commercial adhesive to patch a leak in natural gas pipe. The patch will be
applied to the pipe with a tool similar to the pipe squeeze-off tool
manufactured by Timberline Tool in Figure 1 .2. This tool offers an advantage
because workers will be able to repair the damaged pipe from the ground

level through a keyhole excavation. A keyhole excavation refers to a new
technology in use for repair. A circular hole is cut at ground level that is 18inches in diameter. All repair is done through this hole.
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Figure 1.2: Timberline Tool pipe squeeze-off tool for polyethylene natural
gas pipe.
Although several different adhesives were considered, the investigation
was focused on three structural-plastic adhesives from 3M Worldwide, DP8010, DP-801J5, DP-8O1ONS, and one from Henkel Loctite, Loctite 3030.

These adhesives were developed to structurally bond low-surface energy
plastics with little surface preparation, and are specifically recommended as

suitable for bonding many different grades and types of polyethylene. The
four commercially available structural adhesives studied are easy to use and

do not require surface preparation other than cleaning. They are all acrylicbased thermoset resin that mix in a ten to one ratio. The specific
requirements desired for the adhesive are that it be easy to handle and apply

in the field with the use of the tool designed by Timberline Tool. Once
completed the adhesive patch should be able to withstand at least 500 psi in
shear when the internal pipe pressure is 100 psi, and be extremely durable
over many decades.
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Polyethylene is one member of the vinyl group of polymers which are

distinguished by the carbon double bond. The monomer for polyethylene is
[CH2 = CH21.

Polyethylene is a strong, flexible, and corrosion resistant

thermoplastic. Its surface is smooth, chemically inert, and non-porous.
These qualities make it an excellent material for the transport of gas.
Polyethylene is semi-crystalline, and has different properties with varying
amounts of crystallinity, see Table 1.1.
Natural
Gas

Property

UHMWPE

HDPE

linear
chains

linear
chains
with little
branching

Methyl Groups
per 1000 C

0-2

Density [g/cm]

0.928-0.97

Configuration

MDPE
PIPE

LDPE

LLDPE

branched

lots of
long chain
branching

short
chain
branching

lightly
branched

1-5

5-15

15-30

15-45

N/A

0.9260.940
54-63
120-130

0.941

60
122-124

N/A
130.5

-130

0.9100.925
42-53
110-120
-130

0.92

-125

0.9410.965
64-80
130-136
-125

4.0-6.0

3.1-5.5

1.2-3.5

0.6-2.3

1.9-4.0

2.6-2.8

0.2-1.1

0.6-1.8

0.25-0.55

0.14-0.38

0.38-0.75

0.7-0.78

fibers in
textiles,
underwater
bearings

milk or
laundry
soap jugs

pipe, pipe
liners,
bottles

vegetable
or dry
cleaning
bags

films,
adhesives

pipe

MOPE
lightly

atoms__________
%

crystall.

MeltTemp.[°C]
Glass Trns[°C]
Tensile Str.

55
130

-130

[10 psi]
Elastic Modulus

[10 psi]
Some Common
Uses

Table 1.1: Material and Mechanical Properties of Various Types of
Polyethylene. (Brandrup, J., etal., 1989 and Chevron Phillips Chemical Co.)
The Glass transition temperature is low, allowing for a wide range of working

temperatures. The information for the MDPE pipe material is for the
particular pipe used in this research from Chevron Phillips Chemical

Company LLC. The naming of LLDPE is an industry reference to the

nI

absence of long chain branching found in LDPE. Scientifically though,
LLDPE is more similar to MDPE then LDPE. MDPE is polymerized with a
limited amount of comonomer, and LLDPE is polymerized with more

comonomer and thus has more branching. LDPE is polymerized at very high
pressures and temperature from one monomer (ethylene). HDPE is
polymerized at lower temperatures and pressures.
Polyethylene is easy and inexpensive to produce, and very versatile.

However, many of the same properties that make it an ideal material for milk
jugs, grocery bags, or gas pipes are the same properties that make adhesion
very difficult.
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2. Literature Review
2.1.Theories of Adhesion.
The variety of materials available in the world and the conditions under
which they are used, is too diverse for one theory to explain adhesion for all

situations. In most cases several adhesion mechanisms play simultaneous
roles. The particular parameters of the adhesive, and substrate in question
will determine whether the adsorption, mechanical interlocking, diffusion,

electronic, or weak boundary layer theories will apply. The adsorption theory
is considered, by scientists today, to explain most adhesion situations,

particularly those involving an adhesive. The other theories apply to
particular adhesion situations, or as in the case of the weak boundary layer
theory include assumptions applicable in all situations,
2.1 .1. Adsorption Theory.

Kinloch (1987) and Van der Leeden (2002) are among the many
scientists who agree that adsorption theory accounts for most adhesion

situations. Adsorption theory explains the adhesion of two materials as the
result of interatomic and intermolecular forces between the atoms and
molecules of the substrate and adhesive, such as secondary forces including
dipoles, van der Waals, or hydrogen bonds, and also ionic or covalent forces.
The primary premise of the adsorption theory is that the adhesive and
substrate must be in complete, close contact to maximize intermolecular

forces. That is, the adhesive must thoroughly "wet" or cover the surface of
the adherend such that some interatomic forces are established. Pietreatments are commonly used to on polymers to enhance this wetting of the
surface. Van der Leeden (2002) points out that most often these pretreatments are based on enhancing the polarity of the surface since many

polymers are chemically inert with low surface energies. The strongest
adhesion is obtained when chemical bonding (ionic or covalent) occurs.

2.1.1. Diffusion Theory.
Although adhesion of polymers is often explained with the adsorption
theory, diffusion theory, or a combination of these two may explain a

particular situation. Yuan and Wool (1990) point out however, that the
polymers must have similar solubility parameters for diffusion to play a role

and the chain segments of both must be mobile. Adhesion, as explained by
this theory, is the spontaneous movement of molecules across the interface

by both the adhesive and substrate materials. These substrate materials
can be anything with similar solubility parameters. The polymer literature is
replete with experimentation and theories of the diffusion of polymer chains

across an interface. Diffusion as the mechanism of adhesion between
amorphous polymers has been studied for decades (Voyutskii, et al. 1963).
Welp and Wool (1998) concluded that the dynamics of polymer interdiffusion

are best described by the reptation model, as proposed by DeGennes. More
recently, Lo et al. (2004), looked at the role of diffusion as the mechanism of
adhesion in semi-crystalline polymers.

2.1.3. Mechanical Interlocking Theory.
The mechanical entanglement or interlocking theory as explained by
Van der Leeden (1998) or Kinloch (1987) proposes that the mechanical
interlocking of the adhesive into the substrate's surface is the primary

mechanism of adhesion. A common macroscopic physical manifestation of
this phenomena would be VelcroTM. Polymers often have a very smooth

surface obtained during processing and roughening that surface may allow

for better adhesion. Mechanical interlocking theory usually refers to the
macroscopic surface but as Yuan and Wool (1990) explain it can refer to

surface irregularities on the microscopic level as well. At the macroscopic
level, the mechanical interlocking theory states the irregularities of the solid
adhesive and the substrate surface are interlocking to promote adhesion.
Sanding a substrate surface is a common method to remove any surface
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impurities and typically promotes better wetting of the substrate surface. It

can also improve bonding due to an increase in interfacial area. However,
surface irregularities, whether macroscopic or microscopic, can also lead to
diminished adhesion because the substrate surface is not fully coated, or
wetted, by the adhesive, causing air and/or dirt to be trapped in the interface
between the adhesive and substrate.
2.1.4. Electronic Theory.

The electronic or electrostatic theory states that there is an electron
transfer between the substrate and adhesive, if the adhesive and substrate
have different band structures, or an electric double layer (Lee, 1991).
Briefly, band structure refers to the relation between energy and momentum

of the electrons in a crystal. The permissible energy levels of the electrons in
a crystal form a pattern of allowed bands and forbidden gaps. How empty or
full these bands are determine a solid's electronic and optical properties.
There is very little research verifying the applicability of the electronic

theory to polymers. As reported by Lee (1991), Derjaguin, et aL (1957) of
Russia, and Skinner, Savage, and Rutzler (1953) of the United States, were
the first to propose that electrostatic forces are adequate for adhesive

bonding. However, most researchers in polymer science have considered
electrostatic forces to be insignificant in the bonding of polymers. Until 1984,
one of the primary difficulties with this theory was that the electric double
layer (the variation of the electric potential at the surface) could only be

determined by rupture of the bond. Possart and Roder (1984) were able to
determine the existence of the electric double layer between polyethylene
and aluminum without separation of the bond by using a scanning electron
microscope (SEM) which has lead to more research in this area.
2.1.5. Weak Boundary Layer Theory.

Finally, the weak-boundary layer theory of adhesion was proposed by
Bikerman (1961). It has been used extensively to explain adhesive failure for

all types of materials. Bikerman stated that any impurities on the surface of
the substrate, including air, effect the quality of the bond. Today this is
assumed by anyone gluing one material to another, If the layer of dirt, and/or

other impurities is not removed from the substrate before applying the
adhesive, the glue will bond to the impurities, rather than strictly to the

adherend. Or, if air is trapped, voids can be created and the adhesive will
not fully wet or coat the surface. Most people assume that a surface free of
impurities will bond stronger, and that glue will spread better on a surface

that is a bit rough rather than very smooth. Thus the weak boundary layer,
and mechanical interlocking theories can be combined to aid in creating a

better surface for adhesion. Often the substrate surface is sanded, or
roughened in some way, to clean the surface of impurities, and also to
coarsen the surface for better spreading of the glue.

Numerous scientists today believe the adsorption theory explains
adhesion, with the other mechanisms providing additional explanations for
the strength and integrity of the bond.

2.2. Pretreatment of the Solid Surface.

As mentioned, polyethylene is very difficult to bond to itself, and to other

materials due to the fact that it has a low free-energy surface. Thus,
traditionally the bonding to polyethylene is thought to always require

pretreatment of the surface to enhance adhesion. Only very recently, (late
2003) were a few commercial adhesives released on the market for bonding
polyethylene with claims of "no surface pretreatment", and even those

recommend sanding and cleaning the surface prior to application of the

adhesive. Polyethylene is considered to be especially difficult to bond,
because its smooth, low-energy surface does not promote wetting. Van der
Leeden (2002) or Mittal et al. (1999) are among the many that assert that

polyethylene requires some sort of pretreatment for bonding. The

pretreatment may be as simple as removing a layer of dirt and air, or

roughening the surface to allow mechanical interlocking. Or, a pretreatment
of the surface may introduce reactive groups to aid in bonding.
Certainly the easiest pretreatments are abrasion and solvent cleaning.

Abrasion can be using an abrasive material to roughen the surface of the

substrate or grit blasting the surface. Solvent cleaning is when the substrate
is dipped in or wiped with a solvent, removing the impurities on the surface.
Van der Leeden (2002) asserts that solvent dipping can remove a lowermolecular weight species or perhaps plasticizers which might contribute to
the formation of a weak boundary layer between the substrate surface and
the adhesive.

Kinloch (1987) points out that flame treatments are often used on

polyethylene blow-molded bottles to help the ink adhere for labeling. Flame
treatments and corona discharge are the most common pretreatments
according to Van der Leeden, and both cause the surface to be oxidized.
Chemical etching also introduces oxygen-containing functional groups.
Kinloch (1987) states that only one chemical etching pretreatment is used

commercially on polyethylene, etching in chromic acid. Two other
pretreatments that infuse the surface with functional groups are cold gas

plasma treatment, and UV/ozone treatment. Pretreatments are used to
promote better wetting of the substrate surface.

2.3. Contact Angle Analysis.

While the mechanical, diffusion, and electrostatic theories allude to the
strength of the bond, the adsorption theory refers to an adhesive system

coming to thermodynamic equilibrium. Typically the adhesive system (curing
of a thermoset) proceeds from a liquid-solid phase to the final solid-solid

phase to reach thermodynamic equilibrium. Thus, the wetting, or complete
coating, of the surface is critical. The ideal adhesive will spread evenly and
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thoroughly over the substrate's surface while displacing any impurities or air

on that surface. The intermolecular forces form with the establishment of
intimate contact between the substrate and the adhesive. The magnitude of
the forces in this interface between the substrate and adhesive is related to

the surface free energy of the substrate and the adhesive. Therefore,
surface tensions of the solid and the adhesive are a direct measurement of
the intermolecular forces involved.

Some general relationships apply to any interface, of which there are five

possible types: solid-solid, liquid-liquid, liquid-solid, vapor-liquid, and vaporsolid. The first of these relationships is that if the boundary between phases
is stable, it must possess free energy. This means that work cannot be done
to enlarge that boundary. Surface molecules are in a state of higher free
energy than those in the bulk, mostly because they have fewer nearest

neighbors. And, it is a fundamental principal of thermodynamics that
systems always try to minimize their free energy. Thus a drop of liquid in air
will minimize its interfacial area to reduce the free energy by spontaneously

forming a sphere. As McGuire (2004) explained so eloquently, based on
these thermodynamic principles, and the observation that when a liquid, in
air, contacts a solid there is a characteristic orientation of the liquid-solid
interface, wetting equilibrium can be modeled by a stationary drop of liquid

on a planar solid surface, see Figure 2.1. Wetting equilibrium refers to area
of solid-air surface being replaced by an equal area of solid-liquid surface.
This is usually accompanied by an increase in liquid-air surface, hence the
characteristic orientation of a stationary drop of liquid on a level solid surface.
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tab! t/
high wettabiIiti

Figure 2.1: The Characteristic Contact Angle, a, created at the three-phase
contact point (solid-liquid-vapor) when a drop of liquid is placed on a planar
solid. As shown, low wettability is when the liquid on the solid is
hydrophobic, and high wettability is when the liquid is hydrophilic.

www.funsci.com/fun3 en! exer2/exer2.htm
Young (1805) used the measurement of the angle, a, created at a threephase contact point (vapor, liquid, solid), and related the surface tensions

between each surface to that angle. Young's equation is:

7SV = YSL + YLY

cosa

(2.1)

where 2' is the surface tension at the labeled interface, a is the contact angle,

and the interfaces are S for solid, L for liquid, and V for vapor. When a = 0
wetting is optimal, which means the liquid will spread instantly and

completely coat the surface of the solid upon contact. As mentioned above,
the liquid wants to be a sphere in air because then it would have the least

amount of boundary area, and minimize its free energy. The solid surface
wants to be covered to minimize its surface free energy. So the surface
tensions are pulling in opposite directions. Young's equation is a balance of
forces of a drop of liquid at rest on a planar solid. Dupre (1869), developed
an energy balance relationship to describe the work of adhesion between a
liquid and solid.

=

+ YL

YSL

(2.2)
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Dupre's relationship made Young's equation more empirically useful since

rw and

YsL

are difficult, and often impossible, to measure. Combining

equations 1 and 2, the work of adhesion for a solid-liquid system could now
be described as:

Wa

7LV(1+051)

(2.3)

where YLV is a measurable quantity, as is the angle, a.

Contact angle analysis gives an estimate of the relative surface energies

of the solid and liquid. In this research contact angle analysis was used to
determine whether sanding the surface of the polyethylene was effecting the
wettabillty of the adhesives.

2.4. Effect of Roughness on Wettability of Solid Surface.

It is well known that the roughness of the substrate surface has an effect

on wettability. Intuitively, most people realize that sanding the surface of a
solid will increase the area of the adhesive bond. However, Wenzel (1936)
using the typical model for equilibrium wetting explained above, noted that
roughening a smooth, low-energy solid surface (like polyethylene) will

promote less wetting. That is, the solid surface will be more hydrophobic and

water-repellent. Wenzel writes,

"... Now, it should be apparent that, for identically the same
increase in the free liquid area at the upper surface of the drop,

a greater amount of actual surface is wetted under it if the
surface of the solid is rough than if it is smooth. Consequently,
for the process involving the rough surface, there is a greater

net energy decrease to induce spreading, and the rough
surface is wetted more rapidly.
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The same reasoning applies for a water-repellent surface, in
which case the dry interface has lower specific energy, the drop
will then spontaneously assume a more spherical form. Again,
for an identical change in the shape of the drop, and therefore
in the area and total energy content of the free liquid surface,
there will be more actual surface involved in the change at the
solid-liquid interface if the surface is rough than if it is smooth.

The net energy decrease will thus be greater for the rougher
surface. Here the process is considered the reverse of wetting,

and the rough solid is therefore the more strongly waterrepellent.

In either case the effect of a roughened surface is to magnify
the wetting properties of the solid. A solid substance with a
positive wetting tendency will wet the more readily, the rougher
its surface. If the smooth surface is water-repelling, the
roughened surface will be more strongly so." (added italics)
(Wenzel, 1936).

Although the difference in adhering smooth, low-energy solid surfaces versus
adhering coarse, high-energy solid surfaces has been known for many

decades, it is not general knowledge, even among scientists. Sanding or
roughening the surface of polyethylene will render it more repellent to most
liquids, including glues.

2.5. Differential Scanning Calorimetry.

The typical DSC system (see Figure 2.2) supplies energy to the sample
and reference pans, ensuring that the temperatures of the two are the same.
The flow of heat required to keep the pans the same temperature is

measured. When the heat flow is plotted against temperature, the area
under the peaks is enthalpy. At constant pressure, the change in enthalpy
equals the energy flow as heat. Thus the enthalpy is a measure of the
exothermic or endothermic heat flow during the recrystallization or melting of
the material.
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1

Measurement Thermocouples

Figure 2.2: Typical Setup of a Differential Scanning Calorimeter.
2.5.1. Characterization of Substrates.

The DSC is often used for the characterization of polymers or other
materials. It provides a fingerprint of the material due to the unique peaks of

or recrystallization, and the glass transition curve

with

specific heating rates and temperature range. DSC characterization
experiments are usually run with two ramps. The polymer is heated at a
steady rate, quench-cooled, and then heated again at the same steady rate

to the same end temperature. Figure 2.3 shows a typical DSC plot for a
semi-crystalline polymer, polyethylene terephthalate (PETE). Note the
direction of exothermic energy is up and endothermic is down. The glass
transition peak, the crystallization peak, and the melt peak are all indicated
on the plot.

15

8-24 MAE PET DSC.001
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Figure 2.3: Typical DSC Plot for Semi-Crystalline Polymer, polyethylene
terephthalate (PETE). PETE is typically used for bottled water, and is one of
the "big 6" plastics. Exothermic is up and endothermic is down.
Polymers are either partially amorphous (usually called semi-crystalline)

or totally amorphous, thus they all have glass transition temperatures. The
glass transition is a second-order endothermic transition, and it often
obscured on the first heating ramp of a DSC experiment, as shown in Figure

2.3. The onset of coordinated molecular motion in the polymer is indicated
by the glass transition peak. Amorphous polymers tend to be hard and
glassy below the glass transition temperature because only vibrational

motion of the molecules is possible. When the temperature is above, they
tend to be rubbery and soft, and at about 50 or more degrees above the

glass transition they tend to flow. Semi-crystalline polymers do exhibit a
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glass transition temperature, typically followed by crystallization and melting
peaks, as shown in Figure 2.3.

The crystallization peak is also not usually visible on the first ramp. The
quench-cooling of the polymer does not allow it to fully crystallize. The
steady heat of the second ramp will allow the polymer to recrystallize, and
the rate of the heating will determine whether this recrystallization will be

total. The exothermic reaction of crystallization will produce a peak. The
area under this peak is the enthalpy of crystallization.
The melting peak indicates the first-order endothermic transition of the

polymer going from a rubbery-soft solid to a viscous liquid. Thus it is the
temperature at which the polymer will flow. The area under the melting peak
is the enthalpy of melting.
2.5.2. Kinetics of Cure.

While the development of a strong, stable bond by any thermosetting
resin depends on the type of resin, it also depends on the rate of reaction,

and the degree of cure. A resin is thermoset when it permanently hardens
with heat. Upon reheating it will not soften and with enough heat will
degrade. Sperling (2001) explains that thermoset resins are densely crosslinked, which leads to high elastic moduli and a tolerance for a wide range of
temperature.

Differential scanning calorimetry (DSC) is frequently used for kinetic
analysis which can provide information about the cure mechanism of the

thermoset resin. Calorimetry methods for cure kinetics determine the
enthalpy changes of a physical or chemical event as a function of

temperature or time by measuring the amount of heat produced. Although
the DSC is most often used to thermally characterize polymers, and other
materials, it can also be used to conduct cure kinetic experiments on

thermoset resins, such as the adhesives in this research. These
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experiments came give information about the curing mechanism and the
degree of cure at various temperatures and times.

Calorimetry methods used for cure kinetics are either isothermal

(constant temperature), or dynamic (constant heating rate) experiments. Of
the two, the isothermal method is used more often than the dynamic. The
isothermal method is simple to set up and run, and the data compiled is

relatively easy to analyze. As Vilas, et al. (2001) confirm it is generally
assumed in isothermal cure experiments that the heat evolved is proportional

to the amount of the cure for thermosetting resins. This assumption allows
for less complex mathematical modeling, and is often found to be true

experimentally. The dynamic method is less consistent, and may not
accurately record degradation at higher temperatures. However as Yousefi
and Lafleur (1997) explain dynamic experiments may be run because the
isothermal method is very time consuming, the initial 10% of the cure data is
not reliable, and at low cure temperatures the cure rate is too slow to be
detected with any accuracy by the DSC.

A common procedure for isothermal DSC cure kinetic experiments

consists of two parts. First, the sample is heated very quickly and vigorously
to a certain temperature. Then it is held at that temperature for a particular
period of time (isothermal cure). Thus, any heat flow recorded is from the
exothermic reaction of the thermoset resin curing. Next, without removing
the sample from the DSC, it quench-cooled with liquid nitrogen to room

temperature. Then it is reheated at a steady rate (ramp) to a temperature
above the isothermal temperature. This is to measure any residual heat from
the resin reacting or curing further. Thus, if the resin was not completely
cured at the isothermal temperature and time, the ramp or reheating will
complete the cure. As Vilas et al. (2001) explain the results can then be

mathematically modeled. The total degree of cure,

a,

1E3

QT
ciT

(2.4)

QJ+QR

where QT is the heat evolved during the cure reaction at the isothermal

temperature, Q1 is the total heat evolved during the isothermal cure, and QR

is the total heat evolved during the residual reaction of the ramp run. This
equation assumes the initial reaction rate is zero, which is not usually true.
The reaction usually starts spontaneously upon mixing the two components

of the adhesive. However, enough reliable data can be obtained to estimate
the degree of cure.

Thus, there is an optimum range of temperature and time for a
thermosetting resin to attain a full cure. If the resin is heated at too high a

temperature, the crosslinking between the chains will happen too fast and the

entanglement of the growing chains will quickly become too dense. The
density of the crosslinked polymer will result in pockets of uncured resin. If
the resin is heated at too low a temperature, full cure may not be possible;
there may not be enough heat for the molecular chains to form and crosslink.
The DSC may record peaks that seem to show normal curing, but in fact the

cure is too low or too high a temperature. Thus, the cure kinetic experiments
should be backed up with other tests of the adhesive once it has been cured

at the best time and temperature indicated by the DSC. There is a unique
range of temperatures and times for each adhesive which produces a
complete cure and strong adhesive joint. The DSC is a valuable tool for

determining the optimum curing conditions for the resin.

2.6.

Thermogravimetric Analysis.

Thermogravimetric analysis (TGA) provides a quantitative measurement
of any change in mass in a polymer or other material, associated with a

thermal transition or degradation. It directly records the mass change due to
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dehydration or decomposition of the material. The TGA provides a unique
fingerprint of the material because of the unique sequence of physical and

chemical reactions that occur over a specific range of temperatures. This
unique sequence is a function of molecular structure. The rupture and/or the
formation of various chemical and physical bonds at elevated temperatures
lead to the formation of volatile products or the formation of heavier reaction

products, which are recorded as a change in mass. Figure 2.4 shows a

typical TGA curve. This analysis is for an injet printer body. The amount of
polymer and the fillers used (carbon-black and glass fiber) are indicated.

Sample: Pnnter body2
Size 1225980mg
Method. Ramp

TGA

File: C \8-24 SAG punter body2 TGA.001
Operator: SAG

Run Date: 24-Aug-04 11:48
Instrument 2950 TGA HR V6.OE

102

Experiment
run in N2 gas.
100

98
00

96

94

carbon Black H
200

S

Temperature (CC)

UnOersal V3 3B TA nsluonentn

Figure 2.4: TGA of a Hewlett Packard printer body.
The TGA heats the sample until combustion occur and the resulting change

in mass is recorded. This is particularly useful for determining the
composition of polymers. Although Figure 2.4 does not indicate the

20

percentages of mass lost as the sample degraded, this can easily be
calculated using the TA Instruments Universal Analysis software.

2.7. Bond Strength.

One method of testing the strength of the adhesively bonded joint is to
pull the bonded area at a constant rate and record the amount of force per

cross-sectional area required to break the joint. This will test the shear
strength of the bond. The shear strength of an adhesive bond refers to the
amount of tangential force needed to break or compromise the bond.

Tangential force is a force applied in the same direction as the contact area

of the bond. Figure 2.5 shows shear strength on an adhesive bond. Shear
strength is easy to test and is a common industrial benchmark used to
compare the strength of adhesives.

t
Figure 2.5: Shear Force on an Adhesive Bond.
http://www.iamatek.com/underpressure.htm

There are three types of failure for an adhesive bond in shear: adhesive,
cohesive, and mixed. Recall that adhesion refers to the force that holds two

surfaces together. Adhesive failure occurs when the glue fails to stick to the
substrate. When the broken joint is examined, the glue will remain stuck to
only one side; think of an Oreo cookie pulled apart with all the icing on one
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side. Cohesion refers to the internal strength of the material itself, either the
adhesive or the substrate. Cohesive failure of the bond is the structural
failure of the adhesive. There will be glue on both sides of the split substrate
surfaces, or there would be icing on both sides of the Oreo. Cohesive failure
can also refer to the substrate failing structurally. However, whether
cohesive failure occurs in the adhesive or the substrate, it indicates top

performance for the joint is reached. This means the only way the joint can
be improved is to replace the adhesive, or substrate, with a stronger or more
durable material.

2.8. Shear Testing Analysis.

A stress-strain diagram is typically used to analyze the results of

mechanical testing such as compression, tension, or shear testing. Most of
the mechanical properties of a material can ascertained from a stress-strain
diagram.

Stress refers to a continuously distributed force applied over the entire

cross-sectional area of the test sample. If this force is in tension (or
compression) then it is normal to the cross-sectional area of the test sample.

If in shear it's parallel to the cross-sectional area of the test sample. So
stress always has units of force per unit area. Strain refers to the elongation
of the material due to the force applied. Strain is dimensionless because it is
defined as the ratio of the increase in length of the material divided by its
original length.
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Figure 2.6: Typical Stress-Strain Curve. The stress-strain curves for shear,
compression, or tensile tests of all materials will have the same elements as
listed on this representative curve. However, the curve itself will be shaped
differently for different materials.
http://www.orthoteers.co.uk/NrujD-jj33jm/Qrthbjomathtm

The slope of linear region between the start of the test and the yield point

is the elastic modulus, and measures the stiffness of the material. The
stiffness of a material relates to how resistant to being stretched it is. Thus,
the higher or steeper the elastic modulus is the stiffer the material. This
elastic region is also where stress is directly proportional to strain. Thus, the
yield strength is also called the proportional limit because it marks the end of

this elastic region. The steeper this slope is or the higher the value of the
elastic modulus, the harder the material is. If the mechanical test were to

stop at or before the yield strength point the material would "elastically' return
to its original length, and would not exhibit any permanent elongation or
deformation.

Once the test continues past the yield point the elongation of the sample
is permanent, or plastic. Thus the rest of the curve is in the "plastic region".
The area labeled "work hardening" refers to the portion of the curve between
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the yield point and the UTS or ultimate strength. This is the area where
crystalline materials (like metals) will strain harden. Strain hardening refers
to changes in the crystalline structure such that the material exhibits

increased resistance to further deformation. Thus in this region elongation of
the test specimen requires an increase in force.

The point where the maximum load the material can stand is indicated as

the "UTS" or the ultimate strength of the material. The material will continue
to elongate after this point with a reduction in force until fracture.
The area of the curve between the UTS and fracture is labeled "necking".

This is the area where semi-crystalline polymers (like PE) will strain harden.
Semi-crystalline polymers do not tend to strain harden with a constantly

increasing load, like metallic materials. In the area labeled "work hardening"
they will exhibit cold drawing, or a characteristic rearrangement of the

polymeric chains, that is, necking. Chains in the necking region will align in
the direction of the force. After the ultimate strength (UTS) is reached, the
crystalline areas of the polymer also rearrange in the necked area, thus
ultimately causing strain hardening, and fracture.

In this research shear tests were used to test the strength of the adhesive

bond. The adhesives tested were thermoset polymeric materials, and in this
study all the thermosets used were from amorphous starting materials.
Figure 2.7 is a representative curve of actual test data from this research to
illustrate the application of the mechanical testing concepts described above.

24
Representative Shear Test for DP-8010 Mhesive and Polyethylene
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Figure 2.7: Representative Shear Test Curve with DP-801 0 Adhesive and
HDPE. Ultimate shear strength 912 psi. Yield strength 320 psi.
The shear test does not isolate the adhesive of the bond or the bonded

material. Rather, a shear test will test the joint or the system of the adhesive
as bonded to the substrate. The low slope in the elastic region indicates
softness and flexibility of the joint. The end of the linear region or the yield
point is about 320 psi. The joint strain hardens until the ultimate strength is
reached at approximately 900 psi, after which the bond quickly fails and
fracture occurs.

2.9. Visual Analysis of the Adhesive and Substrate Materials.
2.9.1. Scanning Electron Microscopy.

The scanning electron microscope ("SEM") takes pictures at

magnifications of 200 to 35,000 times. The SEM does not take true pictures
of the specimen however it makes an electronic image.
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Figure 2.8: Scanning Electron Microscope Schematic. CR1 is the cathode
ray tube. The specimen is located on the stage.
http://www.encjr.sjstj.edu/WofMatE/Mat'sChar2. htm

The sample is placed in a vacuum chamber, mounted on a special

specimen holder. A finely focused beam of electrons is rapidly scanned over
the specimen. In response to the radiation of the beam, the specimen emits
a signal of backscattered electrons. The variation in intensity of the
backscattered electrons as recognized by the electron detector are used to

construct an image on the cathode ray tube ("CR1"). This image or
electronic map is the SEM picture.
2.9.2. Atomic Force Microscopy.

The Atomic Force Microscope is one of the family of scanning probe
microscopes that utilize sample contact rather than visually record to create

an image. Unlike the SEM there is no special sample preparation required
and the sample can be viewed in air. As shown in Figure 2.9 the AFM uses
a triangular shaped needle of silicon to scan the surface. The bending of the
triangle measures the hard-sphere repulsion forces between the needle and

the surface. The height of the sample is adjusted by the piezoelectric
positioning element to keep the bend of the triangle constant. Callister
(1997) defines a piezoelectric element or crystal as a material that produces
electric energy in response to a mechanical stress or vice versa.
If the surface is too rough to keep the bend of the triangle constant,

the needle will remove itself from the surface. In simple terms, the needle of
the AFM operates in a similar fashion to a old phonograph needle. The
sample is placed in the AFM similarly as it is placed in an ordinary light
microscope. The needle can scan a surface of up to 16um square.
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Figure 2.9: Schematic of Atomic Force Microscope.

http://www.gmu.edrtF/tutorial/sem/sem htm
The AFM will not only make a detailed two-dimensional (x-y plane) image
of the surface, but it allows for the measurement of height (z-direction) which

leads to a characterization of surface roughness and other parameters. The
roughness parameters described below are the Z-range, root mean square
(RMS) roughness, and the mean roughness.
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The Z range is maximum vertical distance between the highest and

lowest data points in the image. This parameter is the most "intuitive"
parameter for understanding the difference in roughness of two surfaces.
The root mean square (RMS) roughness is the standard deviation of the

Z values within a given area. The RMS is calculated by the AFM software as
shown by equation 5:

(Z1

/

RMS =

N

Y

where

Zavg

Zavg)2

(2.5)

is the average Z-value within the given area, Z is the current Z-

value, and N is the number of points within a given area.
The mean roughness, Ra, represents the arithmetic average of the
deviations from the center plane.

N
zi
1=1

N
where Z

(2.6)

is the Z-value of the center plane, and Z is the current Z-value,

and N is the number of points within a given area.

In this research the AFM was used primarily to compare the differences in
roughness of the surfaces used in the bonding studies, prior to bonding.

2.10. Conclusion.
Adhesion can be as simple as the mechanical interlocking of VeIcroTM, or

quite complex depending on the substrate and adhesives involved. The
bonding of polyethylene for a strong, stable joint can be difficult due to the

chemical and surface properties of polyethylene. However those same

properties of polyethylene that make it problematic to bond, make it ideal for

transport of gas, water, or sewage. The following studies are focused on
various techniques and process parameters for adhesive polyethylene-topolyethylene bonding, and the evaluation of the strength of these adhesive
bonds as compared to the strength of the polyethylene substrate.
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3. Materials and Methods.
3.1. Adhesives.

The adhesives DP-8010, DP-8005, and DP-8OIONS are all two-part

acrylic-based adhesives (10:1 mixing ratio) of methacrylate base resin with
an amine accelerator. The specifications and technical data published by 3M
Worldwide ("3M") for these adhesives indicated that they were possible
candidates for bonding polyethylene at the required shear stresses of at least
1000 psi. Loctite 3030 is also a two-part acrylic-based adhesive mixed in a
10:1 ratio. The technical data published by Henkel Loctite for this structural

adhesive indicated it could be promising as well. See Table 3.1 for a
comparison of the manufacturer's specifications of these structural
adhesives.

Full Cure
Time at 23°C

Time to
handling
strength
(50 psi!
23°C)

Work life at
23°C

Shear
Strength of
HDPE
(24°C)
[psi]

DP-8010

8-24 hours

1.5-2 hours

10-12 minutes

850 CF

DP-8O1ONS

8-24 hours

1.5-2 hours

10-12 minutes

926 MF

DP-8005

8-24 hours

1.5-2 hours

10-12 minutes

998 SY

10 minutes

<3 minutes

1980

Loctite 3030

Table 3.1: Comparison of 3M technical data sheets for three different 3M
structural plastic adhesives and Loctite 3030. (CF = cohesive failure; MF =
mixed failure; SY substrate failure).
The 3M adhesives, dispenser gun, and mixing nozzles were obtained

from R.S. Hughes Co., Inc of Sunnyvale, California. The dispenser gun and
mixing nozzles, manufactured by 3M, are typical for an adhesive with a 10:1

mixing ratio. The Loctite adhesive, dispenser gun, and mixing nozzles were
obtained from Glue Guru Tech Center, Mount Prospect, Illinois. The
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dispenser gun and mixing nozzles were typical for an adhesive with a 10:1
mixing ratio, and were manufactured by Henkel Loctite.

3.2. Polyethylene Substrates.

High density polyethylene (HDPE) sheet material 3/16-inch (0.188") thick
was purchased from McMaster-Carr.
Pipe medium density polyethylene (pipe MDPE) material is natural gas

pipe donated by NW Natural Gas Co. This pipe material is manufactured by
Chevron-Phillips Chemical Company.

Pipe MDPE is not available as sheet material. Sheet material was
needed to secure straight, flat pieces for shear testing. The following
procedure was followed to make sheets from the pipe MDPE. A section of
pipe MDPE, six inches in diameter and about three feet in length, is cut in
half lengthwise. One of these half-sections is heated at 130°C in a Blue-M
oven for about 20 minutes to soften it. A press with 36-inch by 36-inch
platens is preheated to 190°C, as recommended by Shah, et al., 1998. The
soften piece is removed from the oven and placed on a 36 x 36 x 1/16 - inch

sheet of aluminum to protect the platens of the press. Four steel spacer bars
of 0.2 inches are placed at the corners to ensure uniform thickness. Another
aluminum sheet is placed on top of the piece of pipe, and the press was

slowly closed. The sheets of aluminum keep the pipe sample and the press

clean. This press is used for curing plywood. The pressure applied to the
melting and flattening piece of pipe is from 0-50 psi. Often the amount of
pressure is 20 psi or under. When the pipe MDPE is completely flattened,
the press heater is turned off and the flattened piece stays in the press until

for about five minutes or until about 110°C. The flattened piece is then
removed from the oven while still hot. The aluminum sheets and pressed
MDPE is then placed on a table top with aluminum sheets of %-inch thick
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placed on top. The extra aluminum sheets are weight to allow the pressed
MDPE to cool while under pressure to eliminate warping.

Some of the key properties of the three substrate sample materials are

compared below in Table 3.2. Differential Scanning Calorimetry
characterization curves for each material can be found in Appendix 1.

Pipe

Property

Pressed

HDPE
0.188

MDPE
0.75

MDPE
0.2 0.3

Tensile Strength [psi]
Hardness [Shore D]

4000

2800
64

28001

Melting Point [°C]2
Enthalpy of Melting [J/g]2
Glass Transition [°C]

137.4
198.6
-125

130.5
135.3

131.7
118.3
n/a

Thickness of sheet [inch]

69

-1 18

n/a

Table 3.2: Properties of Polyethylene Substrates.

I .The tensile strength of the
pressed MDPE is the average of the tensile tests done in research. 2. The melting points and
enthalpies are from DSC runs which are included in Appendix 2. 3. TA Instruments, New Castle,
Delaware. 4. Chevron Phillips Chemical Co., The Woodlands, Texas.

3.3. ASTM Tensile Test Sample Preparation and Use of Test Results for
Determination of Bond Area for Shear Testing.
The American Society for Testing and Materials ("ASTM") is an
international, voluntary standards development organization.

ASTM D 5083-96 "Standard Test Method for Tensile Properties of
Reinforced Thermosetting Plastics Using Straight-Sided Specimens" was
used to determine the tensile strength of the HDPE, the pressed MDPE, and

the pipe MDPE materials. In this study, the tensile test results of the pipe
MDPE material were used as the benchmark against which the other
materials were compared.

The sample pieces for the tensile tests were 8.5" x 1" x 3/16". The
results of the tensile tests were used to contrast and compare the
mechanical properties of the pipe MDPE substrate materials against the

other substrate materials.

The results were also used to estimate the bond area for shear testing, as
suggested by ASTM D 3165-95 "Standard Test For Strength Properties Of

Adhesives". The overlap area was estimated using the equation below from
this standard test,

L=FtyTIr

(3.1)

where L=length of overlap; T=thickness of polyethylene; Fty=stress at

proportional limit of polyethylene; and =150% of the estimated average
shear strength in the adhesive bond. The tensile test results and calculations
determined the overlap area for the shear testing should be

1/2

x 1-inch rather

than I x 1 inch. The calculations were as follows.

0.5

2000 *(3/16)/
/1.5 * 500

(3.2)

where 0.5" is overlap area; 2000 psi is an average yield stress of the HDPE;
(3/16) is the thickness of the HDPE; and 500 psi is the lowest shear strength

in the bond. A similar determination was made for the MDPE materials, and
it was decided that the bond area should be the same. These calculations
are not meant to be "hard" numbers but estimates.

3.4.ASTM Shear Tests.
An overlap shear test tends to be a generic test, often used in industry
and research, because the geometry of the joint is simple and commonly

used in industry. The overlap shear test for our straight-sided, polyethylene
samples was based on ASTM D 3165-95 "Standard Test For Strength
Properties Of Adhesives".

33

The substrate sheets were cut into pieces for overlap shear tests

according to ASTM standards. It indicates the precise amount of area that
should be in the grips of the Instron-type testing machine is 1" x 1", and the
area between the grips should be 5" plus "L" which is the length of the bond

area. The determination of "L" is estimated from the yield strength as
determined by tensile testing of the substrate, as explained above in Section

3.3. Substrate pieces to be used for the overlap shear test were 4.5" x 1" x
thickness of the substrate. Spacers were 4" x 1" x thickness of substrate,
and doublers were 3.5" x 1" x thickness of substrate.

Other ASTM tests consulted were D 1002-99 "Standard Test for
Apparent Shear Strength of Single-Lap-Joint Adhesively Bonded Metal
Specimens By Tension Loading (Metal To Metal)" and, D 3163-96 "Standard
Test Method For Determining Strength Of Adhesively Bonded Rigid Plastic

Lap-Shear Joints In Shear By Tension Loading". These tests are primarily
for metal substrates also and made the similar suggestions for changing the
sample preparation as ASTM D 3165-95 did for plastic substrates.

3.4.1. Phase I Sample Preparation of 3M Adhesives.
Phase I indicates the sample preparation for the 3M structural
adhesives that was initially used in this research and later revised as detailed
in Section 3.4.2 Phase II Sample Preparation.
Figure 3.1 shows a diagram from ASTM D 31 65-95 depicting a

sample with spacers. The size of the bond area, 't", is estimated from the
yield strength of the substrate as determined from the tensile tests (Section

3.3). The diagram indicates the precise area of 1" x 1" must be placed in the
grips of the Instron-type testing machine, and the area between the grips

should be 5" plus L or the length of the bond area. Substrate sample pieces
were 4.5" x 1" x thickness of the particular substrate. Spacers were 4" x 1" x
thickness.
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L
substrate sample

Figure 3.1: Diagram of ASTM D3165 Specifications for the Preparation and
Shear Testing of Adhesive Sample.
The shear test samples in Phase I were prepared as follows. The adhesives
were stored in a refrigerator until the samples were ready for gluing. A BlueM oven was preheated to the desired curing temperature. A Blue-M oven is

shown in Figure 3.2. Blue-M ovens can be vacuum sealed or not. Ours did
not have a vacuum seal.

I

Figure 3.2: Blue-M oven.

Alternatively some samples were cured in a preheated Carver press

with varying amounts of pressure from zero to 100 pounds. A Carver press
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is a hydraulic press with heating platens that is operated manually (like the
ours and one shown in Figure 3.3), or automatically by computer.

Figure 3.3 Carver Press.
Each substrate sample piece was sanded on one side with 240-grit

aluminum-oxide sandpaper to roughen the bond surface area. The sanding
was done in straight lines in all directions, until the area was visually

roughened completely. The surface of the polyethylene substrates tended to
have a sheen so it was easy to see whether the surface was sanded or not.

The sanded area was wiped clean with rubbing alcohol. The alcohol was
allowed to completely dry before applying the adhesive. The tube of
adhesive was removed from the refrigerator, and fitted with a glue application

gun and a mixing nozzle. The bond area of one piece of substrate was
coated completely with a thin layer of adhesive, and the other piece of

substrate was carefully placed on top. The second piece of substrate was
balanced on the first by placing a spacer underneath it. A spacer was glued
on the top of the first piece of substrate. The bonded assembly rested for
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about five to ten minutes. Then it was flipped over and a spacer was glued
to the second piece of substrate. (See Figure 3.1 above for a diagram of the
final assembly). The sample was then placed in the preheated Blue-M oven
or Carver press. Some specimens heated in the oven cured with a 12-lb
block of aluminum on top of them, and some were cured with no pressure.
Samples were either allowed to cool in the oven or press under pressure if it
was used during curing, and others were removed and cooled at room
temperature.

3.4.2. Phase U Sample Preparation of 3M Adhesives.
Phase II samples were prepared similarly to Phase I with some
exceptions.

Only DP-8010 was studied. The shear tests of Phase I determined
DP-8005 and DP-8OIONS to be inappropriate for patching the natural gas
pipe.

The use of doublers was introduced to produce more accurate shear

testing. In Phase I during shear testing the spacers would curl such that the
bond area was subjected to shear and peel forces. The doublers were
recommended by ASTM D 3165-95 as a way to ensure the forces were all

shear forces. See Figure 3.4 for a picture of an actual completely assembled
sample of pressed MDPE with spacers and doublers attached.

The rate of pulling the sample in shear suggested by ASTM 0 316595 is 1.27 mm/rn in. After the comparison of many shear test results,

conducted at different speeds, it was decided the best speed for the shear
testing of this study should be 12.7 mm/mm. which is what 3M used to test

the DP-8010 adhesive in shear. Phase II samples were pulled at 12.7
mm/mm.

Figure

Sample of pressed MDPE with DP-8010 with spacers and
doublers attached. This sample is ready for shear testing of the bond.
3.4:

Phase II samples were prepared as follows. The Carver press was
the only heating equipment used. It was preheated to the desired

temperature before the samples were prepared. The bond area (1" x W) of
each sample was measured and marked with either a thin line or a dot of

black permanent ink. Some bond areas were sanded, and some were not.
The whole sample was no longer sanded like in Phase I, only the bond area.
The bond area was wiped clean with alcohol, and allowed to dry before

applying the adhesive. The adhesive was applied as previously with a gun
and mixing nozzle, and the sample rested for about ten minutes before

placing in the press. Spacers were not glued in place at this point. The
spacers were placed to keep the samples level in the heated press but were

not attached. The samples were heated for the predetermined amount of
time under set, but various, amounts of pressure. The samples were
removed hot and placed on a table top to cool. Once they were at room
temperature spacers and doublers were glued in place. The spacers and
doublers were cured at room temperature for at least one day with small,

continuous amounts of pressure applied. The pressure was from a few
books or a block of aluminum (12 pounds) placed on the top of the assembly.
3.4.3.

Loctite 3030 Sample Preparation.

Loctite samples were prepared in a similar manner as the Phase II
preparation of the 3M adhesives. None of the substrate materials were

sanded. Doublers were used. The speed of the shear tests was 12.7
mm/mm. The Loctite adhesive was kept in the refrigerator until use. The
adhesive was applied with a gun and mixing nozzle manufactured by Henkel

Loctite but comparable to the 3M adhesives. Loctite samples were cured in
the Carver press at various temperatures and under various pressures. Also
the samples were cured at room temperature for varying lengths of time
under different pressures. Spacers and doublers were applied after curing
and cured at room temperature.

3.5. Mechanical Testing Equipment.

The tensile and overlap shear tests were performed on one of several

mechanical load testing machines, an lnstron model 5567, a MTS Sintech

model hG, an Instron model TTBML (1953) and one made by the Forestry
Department of Oregon State University. An Instron or Sintech is a testing
machine with self-aligning grips, one fixed and one moveable. The moveable
grip is attached to a crosshead, and the crosshead moves at a constant rate.
An Instron is primarily used to conduct tension, compression, or shear
strength tests on different materials.

Figure 3.5: Constant load testing machine.
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Figure 3.6 is a view of the type of grips used in this research on an Instron

type constant load testing machine. The grips are changeable and would be
different for other shapes and types of specimens.

Figure 3.6. Closeup of manual constant load testing machine grips with
sample installed.
In Figure 3.6 the bottom grip is immoveable and the top grip moves at a

constant rate set by the operator of the test. The clamps holding the sample
can be tighten down on the sample with air pressure, or be manually

screwed together, like in Figure 3.6. The amount of sample in the grips and
the area between the grips is set by the ASTM standard test being used.

3.6. Methods and Equipment for Characterization of Substrates and
Adhesives.

3.6.1. Differential Scanning Calorimeter Analysis of Substrates and
Adhesives.
A TA Instruments 2920 differential scanning calorimeter (DSC) was

used to characterize the substrate materials. Figure 3.7 is a picture of the
DSC used. Printouts of all substrate DSC characterization experiments are
found in Appendix 1.
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Figure 3.7: Actual TA Instruments 2950 Differential Scanning Calorimeter
used in this research.
Small pieces of the substrate being investigated were weighed and sealed in

aluminum DSC pans. The DSC was programmed to heat at 15 degrees per
minute from room temperature to 200°C. The sample was quench-cooled

with ice to 20°C while still in the DSC. A second ramp of 15 degrees per
minute to 200°C was run. Characterization runs for polymers or other
materials are used to determine the DSC "fingerprint" of a material. This
fingerprint can show some or all of the classic features of the material, such
as the glass transition temperature, the melting temperature, the enthalpies
of melting and glass temperatures, and the enthalpy and temperature of

recrystallization. Universal Analysis software was used to analyze these
DSC curves for the substrates.
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The DSC was also used to investigate the optimal conditions for a

complete cure of the 3M adhesives and Loctite adhesive. Isothermal cure
experiments were conducted on each adhesive at several temperatures.
Each adhesive sample was weighed and sealed in a DSC hermetic

aluminum pan. Hermetic pans are closed with an airtight seal whereas
standard aluminum DSC pans are not. The DSC was programmed to jump
to a particular temperature and then hold that temperature for 120 minutes.

Any evolution of heat recorded was due to the curing of the adhesive. There
was no need for quench cooling because after the 120 minutes the sample

was at room temperature. The DSC was then programmed to heat at 10
degrees per minutes to 300°C to ensure the adhesive was fully cured.
Universal analysis software was used to analyze the experimental DSC cure

of the adhesives. The model of the degree of cure was completed in Excel.
3.6.2. Thermogravimetric Analysis of Substrates.
A TA Instruments 2950 thermogravimetric analysis instrument (TGA)

was used to determine the purity of the substrate materials. McMaster-Carr
reports the HDPE is pure. Chevron Phillips Chemical states the pipe MDPE
has no plasticizers and no fillers, only yellow pigment. Figure 3.8 is a picture
of the TA Instruments 2950 TGA.
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Figure 3.8: TA Instruments 2950 Thermogravimetric Analysis equipment
used in this research.
The substrates were tested in the TGA as follows. Initially a TGA ceramic

pan was tared by the TGA. Then small pieces of the particular substrate
being run were placed in the ceramic pan. Unlike the DSC, the TGA pans
are open and unsealed. The TGA was programmed to heat at 20 degrees
per minute to 800°C to fully degrade the polymer. Universal Analysis
software was used to analyze these experiments. The results are found in
Appendix 1.

3.6.3. Contact Angle Analysis.
Contact angle analysis was conducted on First Ten Angstroms 32
("FTA32") equipment, see Figure 3.9.
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$1:

AN

Figure 3.9: First Ten Angstroms contact angle analysis apparatus.
Data was gathered on HDPE, and pressed MDPE substrate materials with

distilled water and with DP-8010 adhesive. A drop of either distilled water or
DP-8010 was placed on either sanded or unsanded polyethylene. The drop
was measured by the FTA32 software to obtain the contact angle, a. See
Figure 3.10 for a snapshot of a drop of water as it appears in the FTA32

software. The software allows the user to manually place the points to
measure the drop which determines the contact angle.

5lkFta32Video2.O

48PM

Figure 3.10: Characteristic drop as analyzed by contact angle analysis
software. This is distilled water on unsanded polyethylene.
The surface of the solid polyethylene was cleaned with alcohol and let dry
prior to application of the distilled water or DP-8010.

3.7. Visual Analysis Equipment.

3.7.1. Scanning Electron Microscope.
An Am Ray scanning electron microscope (SEM) was used to take
highly magnified pictures of the fracture surface of DP-8010 adhesive.

Figure 3.11 shows the typical SEM occupies an entire room. All SEM
pictures were taken by Lioubov Kabalnova.
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Figure 3.11: Scanning Electron Microscope.

3.7.2. Atomic Force Microscope.
Pictures and data about the surface characteristics of the pipe MDPE

versus the pressed MDPE were gathered using the atomic force microscope
(AFM). It was used to confirm the difference in the roughness of the surface

of the pipe MDPE and the pressed MDPE. Figure 3.12 shows the same
AFM microscope as used in this research.

Figure 3.12: Atomic Force Microscope.

http://www.veeco.com

You may see the equipment of the AFM is small in comparison to the SEM,
however this is deceptive because the technology of the AFM is complex and
the cutting edge.
3.8. Conclusion.

The polyethylene and adhesive materials were studied from many
different aspects because of the equipment available for student research at

Oregon State University. All of these types of equipment is used in industry
for studying the material and mechanical aspects of materials.
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4. Results and Discussion.

4.1. DSC Curing Studies Results and Discussion.

4.1.1. DSC Curing Studies on 3M Adhesives.
The 3M adhesives resemble each other but are different. The
following discussion and figures will illustrate that the curing process for all of

these adhesives is a similar, two-step process. Table 4.1 details the physical
qualities of the adhesives.
Property

DP-8005

DP-8010

DP-8OIONS

Color______________
Base
Accelerator

amber
white

pink/amber
white

pink/amber
white

17,000-30,000
35,000-55,000

17,000
27,000

70,000
27,000

Methacrylate
Amine

Methacrylate
Amine

Methacrylate
Amine

10:01

10:01

10:01

9.16:1

9.8:1

9.8:1

Full Cure Time at
23°C

8-24 hours

1.5-2 hours

1.5-2 hours

Time to Handling
Strength (50 psi at
23°C)

2-3 hours

8-24 hours

8-24 hours

2.5-3 minutes

10-12
minutes

10-12
minutes

Viscosity (cPsj
Base
Accelerator

Base Resin
Base
Accelerator

MixRatio
By Volume
By Weight

Work

Life

at 23°C

Table 4.1: Comparison of Physical Properties of 3M Adhesives.
The results of the cure kinetic experiments run on the DSC for the 3M
adhesives (DP-8005, DP-8010, and DP-8OIONS) are typical for most

thermosetting resins which exhibit a two-step curing process. The raw data
has been manipulated to show only relevant cure data for each set of runs.
That is, once the initial 10% of the raw data was eliminated, the beginning of

the curve was brought back to zero. The baseline for each test has been

rii

adjusted to zero so that the data from the different runs could be compared
to each other.
Figures 4.1 to 4.3 show the heat evolved during curing for isothermal

runs of each 3M adhesive. The isothermal experiments for the 3M adhesives

were run for 120 minutes at 50°C or 60°C, 70°C, 80°C, 90°C, and 100°C,
as indicated in the legends of each figure.
Isothermal Cure of DP-8005
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Figure 4.1: Isothermal Cure of DP-8005, heat flow versus time. The
isothermal temperature of each run is indicated in the legend.
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Figure 4.2: Isothermal Cure of DP-8010, heat flow versus time. The
isothermal temperature of each run is indicated in the legend.
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Figure 4.3: Isothermal Cure of DP-8O1ONS, heat flow versus time. The
isothermal temperature of each run is indicated in the legend.
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Figures 4.1 through 4.3 show two peaks during the curing process, indicating

a two-step cure process at most temperatures. Table 4.1 summarizes the
amount of time it takes to reach the top of each of the two peaks and the
amount of heat evolved at that point in time for each of the 3M adhesives.
The trend is the lower the temperature the more time it takes to reach the

first peak of curing and the less heat evolved at that peak. The only
exception to this is when the adhesives are cured at 100°C then the heat

evolved when the first peak is reached is more than at 90°C although that
peak is reached in less time than at 90°C. A similar trend is seen for the
second peak of cu ring, that is the lower the temperature the more time it

takes to reach the peak and usually the heat evolved at that point is less.
DP-8005
First Peak

Temperature

rd

50
60
70
80
90
100
50
60
70
80
90
100

Time
[mm]
1.20
1.05
1.12
0.85

0.69

Heat
Evolved
[Jig]
0.257
0.421

0.396
0.464
0.544

DP-8010
First

Time

[mini
1.30
1.33
1.05
1.09

0.78

Peak
Heat
Evolved
[J/g]
0.320
0.352
0.264
0.449
0.514

Second Peak

Second Peak

9.52
8.78
7.72
7.22
7.03

9.90
8.78
9.52
8.13
6.95

0.066
0.599
0.052
0.054
0.050

0.035
0.060
0.042
0.053
0.043

DP-8OIONS
First Peak

Time

[mini

Heat
Evolved
[J/g]

1.40

0.167

1.04
1.07
0.97

0.267
0.273
0.270
0.382

0.88

Second Peak
10.53

0.054

8.69
7.37
7.02
8.00

0.049
0.052
0.030
0.042

Table 4.2: Summary of Figures 4.1 through 4.3 listing the time and amount
of heat flow at the top of each of the two peaks of curing for the 3M
adhesives.
Figures 4.4 through 4.6 show the degree of cure and the amount of

time to complete that cure for each temperature tested. Please recall from
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the Literature Review section that the total degree of cure,

ctT

can be

calculated using equation 4.1.

aT-

QT

(4.1)

where QT is the heat evolved during the cure reaction at the isothermal
temperature,

Q1

is the total heat evolved during the isothermal cure, and QR

is the total heat evolved during the residual reaction of the ramp run. This
equation assumes the initial reaction rate is zero, which is not usually true.
The reaction usually starts spontaneously upon mixing the two components

of the adhesive. However, enough reliable data can usually be obtained to
estimate the degree of cure. The is just a model to estimate the best amount
of time and temperature for curing the adhesives. The primary failure of the
model is that it can show complete curing but the bond cured at that
temperature may not be as strong as some other temperature where a

complete cure is indicated. Cure kinetic experiments in the DSC should
always be followed by other testing to confirm the results. In this study we
conducted shear tests to confirm the strength of the bond as cured at
different temperatures.

Figure 4.4 shows DP-8005 does not reach a full cure at 60°C, and

although it will reach a full cure at 70°C, it takes at least 90 minutes. Full
cure can be reached within 60 to 90 minutes at 70°C, 80°C, and 90°C.
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Figure 4.4: DP-8005 Degree of Cure. The isothermal temperature of each
run is indicated in the legend.
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Figure 4.5: DP-801 0 Degree of Cure. The isothermal temperature of each
run is indicated in the legend.
In Figure 4.5 it can be seen that DP-8010 reached a full cure at 70°C,
80°C, and 90°C between 60 and 90 minutes. It does not cure completely at
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60°C. Figure 4.6 shows DP-8O1ONS does not cure at 50°C, but will cure

after 90 minutes at 70°C, 80°C, or 90°C. It will cure at 100°C but will take at
least 100 minutes, and shear testing showed the bond is weak when the
adhesive is cured at this high a temperature.
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Figure 4.6: DP-8O1ONS Degree of Cure. The isothermal temperature of each
run is indicated in the legend.

Figure 4.6 shows DP-8O1ONS does not cure at 50°C. Figure 4.6 also
indicates the best temperatures for curing DP-8O1ONS are 80°C and 90°C

for 90 minutes. And, also it appears to cure at 100°C, again shear tests
showed the bond to be weaker when cured at this temperature.

The DSC cure kinetic experiments provided direction regarding the

optimum conditions for a complete cure of the 3M adhesives. Cure kinetic
experiments done on the DSC are best followed by some other testing to

confirm the results. Ideally these experiments should be done in a room
where the temperature is constant during the sample preparation process.
This was not the situation in the polymer characterization lab where the
temperature outside the lab has a strong effect on the temperature inside the
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lab. Thus if these experiments were run again the results would be
comparable but not the same.

The best temperature range for a complete cure is between 70°C and
90°C for 60 to 90 minutes. The technical data sheets for these products
indicate that a full cure can be reached at room temperature in 8 to 24 hours.
However, overlap shear tests conducted on samples cured at room

temperature for varying amounts of time, were disappointing. The ultimate
shear strengths for room temperature cured bonds were between 100 to 200

psi. The shear test results for the 3M adhesives cured at optimal time and
temperatures are discussed in Section 4.5.

4.1.2. DSC Curing Studies on Loctite 3030 Adhesive.
Loctite 3030 is also an acrylic based structural adhesive like the 3M

products. Table 4.3 compares the physical properties of Loctite 3030 with
the 3M adhesives. Loctite 3030 is less viscous and cures much quicker than
the 3M adhesives.
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Property

Loctite 3030

DP-8005

DP-8010

DP-8OIONS

Color______________
Base
Accelerator

clear
off-white

amber
white

pink/amber
white

pink/amber
white

Viscosity [mPasJ
Base

Accelerator

17,000

70,000

500-1,500

17,00030,000
35,00055,000

27,000

27,000

acrylic
acrylic

methacrytate
amine

methacrytate
amine

methacrylate
amine

3,500-5,000

BaseResin

Base
Accelerator

MixRatio
ByVolume

10:1

10:1

10:1

10:1

By Weight

10:1

9.16:1

9.8:1

9.8:1

24 hours

8-24 hours

8-24 hours

8-24 hours

2-3 hours

1.5-2 hours

1.5-2 hours

2.5-3
minutes

10-12
minutes

10-12 minutes

Full Cure Time at
23°C
Time to Handling
(50 psi
at 23°C)
Strength

Time to Handling
(13.2 psi

Strength

at2l°C)
Work Life at 23°C

10 minutes

2-4 minutes

Table 4.3: Comparison of Physical Properties of Loctite 3030 and
3M Adhesives.
Figure 4.7 shows the heat evolved during curing for DSC isothermal

experiments on Loctite 3030 adhesive. The isothermal experiments were run
at 40°C, 50°C, 60°C, 70°C, and 80°C. Although it was attempted several
times to run experiments at 30°C it was not possible to get reliable data.
Since the suggested curing temperature for Loctite 3030 is room

temperature, the DSC data for 30°C would have been interesting. The cure
of Loctite 3030 is a two-step process for all temperatures run expect 40°C.

At 40°C the cure is a one-step process. So if data could have been obtained
at lower temperatures, (closer to room temperature), it may have shown that

Loctite 3030 cures in a one-step process making it different from the 3M

adhesives. Also notice the amount of heat evolved in the initial peaks is
about half of that for the 3M adhesives. This is because the Loctite 3030 has
a different chemical composition even though all of the adhesives tested are
acrylic based.
Isothermal Cure of Loctite 3030

Figure 4.7: Isothermal Cure of Loctite 3030, heat flow versus time. The
isothermal temperature of each run is indicated in the legend.
Table 4.4 details the time and amount of heat evolved at the top of the

first and second peaks for Figure 4.7. Notice the Table does not show a
trend for the first peak, like the 3M adhesives. Both the amount of time and
the heat evolved at the top of the first peak varies with temperature. The
second peak shows a trend of the lower the temperature the quicker the
peak is reached, and the less heat is evolved at that point.
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Loctite 3030

First Peak
Time [mm]
Heat Evolved [J/g]

Temperature [°C]
40
50
60
70

0.78
0.95
0.88
0.82
0.99

80

0.168
0.236
0.222
0.271

0.212

Second Peak
40
50
60
70

no peak

no peak
16.10
21.77
25.76

80

0.005
0.023
0.048
0.047

32.04

Table 4.4: Summary of Figure 4.7 listing the time and amount of heat flow at
the top of each of the two peaks of curing for the 3M adhesives.
Figure

4.8

shows the degree of cure obtained from the DSC

isothermal experiments.
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Figure 4.8: Loctite 3030 Degree of Cure. The isothermal temperature of
each run is indicated in the legend.

Loctite 3030 will not cure at 40°C, 50°C, or 60°C. And, although it
appears to cure at 80°C and possibly at 70°C, the shear overlap tests show
the mechanism for cure must be different than when the Loctite 3030 is

cured at room temperature. When Loctite 3030 is cured at temperatures
higher than room temperature the shear tests results are low and the failure
mechanism is always adhesive.

The shear tests confirmed that when Loctite 3030 is cured at

temperatures higher than room temperature the bond is weak. The best
shear test results were achieved when Loctite 3030 was cured for at least 24

hours at room temperature. Actual shear test results are discussed in
Section 4.6.

The DSC cure experiments for Loctite 3030 confirmed that the cure at
higher temperatures was not the same mechanism as the normal cure for

acrylic thermoset resins. The DSC results hint that the best cure for Loctite
3030 is a one-step process, not a two-step process. The shear tests
revealed the bonds cured at higher temperatures broke adhesively at low
shear strengths.

4.2. Contact Angle Analysis of Distilled Water with HDPE, Pressed MDPE,
and Pipe MDPE Materials.

The contact angle analysis was done with distilled water on HDPE,

pressed MDPE, or pipe MDPE. Contact angle analysis was attempted with
the DP-801 0 adhesive but it was not possible to obtain reproducible results.

The primary reason for doing these experiments was to establish the
importance of surface preparation, in particular whether roughening the
surface by sanding enhanced or diminished the wetting of the adhesive on
the various polyethylene substrate surfaces.

Tables 4.5, 4.6, 4.7, and 4.8 show the contact angle data obtained from
distilled water on HDPE, pressed MDPE, and the inside and outside surfaces

of pipe MDPE materials, respectively. The larger the contact angle the more

hydrophobic the liquid is on that solid. Contact angles are specific to the
pairing of a particular solid and liquid.

The sanded substrates were roughened with 240 aluminum oxide
sandpaper by sanding in straight lines in all directions until the entire surface
was not longer shiny and visually appeared to be roughened evenly and

completely. The sanded substrates and unsanded substrates were cleaned
with alcohol prior to the contact angle experiments.
HDPE

Average
Standard Deviation

Distilled Water
unsanded
sanded
71.4
76.9
71.9
71.5
68.3
96.2
78.6
86.6
66.8
91.0

85.0
101.9
118.6
111.0
118.6
126.6
122.5
88.7
100.8
95.8

77.9
±9.6

106.9
±13.9

Table 4.5: Contact Angle Data for HDPE. HDPE was examined with sanded
and unsanded surfaces, and distilled water. The sanded surface of HDPE is
more hydrophobic.
Table 4.5 is the raw data and results for the contact angle analysis of

HDPE material with distilled water on sanded and unsanded surfaces. The
average contact angle for distilled water on an unsanded surface is 77.9°

and on a sanded surface is 106.9°. This indicates that for water the surface
of HDPE is more resistant to wetting when the surface is sanded.

Tables 4.6 and 4.7 show the contact angle data for the inside surface and

outside surfaces of pipe MDPE material with distilled water. The average
contact angle for the inside surface of the pipe MDPE when sanded is 93.6°

versus when the surface is not sanded it is 83.7°. The average contact

angle for the outside surface of the unsanded pipe MDPE material is 81.2°

and 99.9° for the sanded surface. Again the sanded surface is more
resistant to wetting. It is particularly important to note that the outside of the

pipe is best simply cleaned with alcohol or water, and not sanded since this
is the surface that ultimately will be patched.
INSIDE Surface
Pipe MDPE

Average
Standard Deviation

Distilled Water
unsanded
sanded
81.4
90.7
75.2
82.9
79.4
91.7
92.4
84.0
82.8
78.5
89.3
93.0
81.2

100.8
107.5
91.3
97.3
84.3
92.4
96.9

83.7
±6.0

93.6
±7.4

Figure 4.6: Contact Angle Data for the Inside Surface of Pipe MDPE. Solid
surfaces were sanded or unsanded. Liquid was distilled water.
OUTSIDE Surface
Pipe MDPE

Distilled Water
unsanded
sanded
74.7
102.4
82.4

102.5

75.9

103.3

83.8
85.0
74.5
93.6

101.6
109.5
110.7
74.4
94.8

81.2
±6.5

99.9
±11.4

80.1

Average
Standard Deviation

Table 4.7: Contact Angle Data for the Outside Surface of Pipe MDPE. Solid
surfaces were sanded or unsanded. Liquid was distilled water.

61

All of the above tables (Tables 4.5 to 4.7) show that when the surface of

the HDPE or the pipe MDPE is sanded, the wetting is less. The ideal is for
the adhesive to spread across the surface of the solid instantaneously. The
less hydrophobic the surface is, the better the wetting will be. Thus, the
surface of this HDPE and the pipe MDPE both will bond better when the
surface is unsanded.
Pressed
MDPE

Average
Standard Deviation

Distilled water
unsanded sanded
89.25
93.72
80.96
82.29
75.70
90.04
81.18
92.07
74.22

80.24
90.25
80.54
74.98
77.23
78.20
77.75
81.15
85.14

84.38
±6.72

80.61
±4.36

Table 4.8: Contact Angle Data for Pressed MDPE Material. Pressed MDPE
with sanded and unsanded solid surfaces, and distilled water.
Table 4.8 shows the contact angle data for pressed MDPE. The pressed
MDPE was being used for scientific testing of the adhesives because the

ultimate goal is to bond pipe MDPE to itself. MDPE sheet material is not
available commercially as pipe MDPE material is not extruded in sheets but

is processed directly into pipe. The pressed MDPE, made by heating and
pressing pipe MDPE in a large Carver Press, is the closest material available

in the form of a flat sheet to cut into sample-sized pieces. The contact angle
testing of the surface was to gather information about the similarity of pipe
MDPE and pressed MDPE surface wetting, which could have an effect on

the ultimate surface adhesion. The surface was prepared the same as the
surface of the HDPE or pipe MDPE analyzed in Tables 4.5 to 4.7.
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The average contact angle for distilled water for unsanded pressed
MDPE is 84.4° while for the outside surface of the pipe MDPE (Table 4.7) is

81.2°. These contact angles are very close. However the contact angles
with distilled water for the unsanded pressed MDPE is 80.6° while it is 99.9°

for the pipe MDPE. Herein lies a big difference. The surface of the pressed
MDPE exhibits better wetting with water when it is sanded, and the pipe
MDPE is best when it isn't sanded.

Contact angle analysis is an estimate of how the surface energies
between a particular solid and liquid may interact. It is difficult to accurately

reproduce the angle measurements, particularly if the experiments are done

by different people. In this research it was one of several tests conducted to
determine whether sanding the surface of the polyethylene was weakening

the bonds. The contact angle data showed that sanding probably does
diminish the strength of the bond, and that the surfaces of the pipe MDPE
and pressed MDPE seem to behave similarly.

4.3. Visual Study of Adhesive Bond and Solid Surfaces.

4.3.1. Examination of DP-8010 Bond with SEM.
The amount of pressure applied during curing effects the strength of

the bond with all of the adhesives studied. The DP-8010 adhesive was
examined with a light microscope, and it was discovered to have small

spheres imbedded in it. A thorough examination of the material safety data
sheet ("MSDS") for DP-8010 revealed that the "microspheres" were

amorphous silica, or glass. A closer examination of the MSDS's for the other
adhesives, including Loctite 3030, indicated the same. All four of these
adhesives have glass spheres imbedded in them to maintain a minimal

thickness of glue in the bonded area. The glass spheres in the 3M
adhesives are 0.005 to 0.008 inches in diameter, while the spheres in the
Loctite 3030 are 0.01 inches in diameter.
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Figures 4.9 through 4.11 are pictures taken by a scanning electron
microscope (SEM) of different fractured samples of DP-8010 and HDPE.
Figures 4.9 shows the fractured surface when too much pressure has been

applied during curing. In this figure the spheres have been squeezed to one
side of the bond area and broken in clumps causing gaps in the adhesive
joint.

Figure 4.9: SEM Photograph of the Bond Surface of DP-8010 and HDPE.
This is the fracture surface when too much pressure is applied during curing
of the adhesive The glass spheres were been pushed to one side of the
bond area (shown by the "holes" at the left) during curing and are broken in
groups.
Figure 4.10 shows a single glass sphere broken during pressing in the
cure cycle and filled with glue. Please compare Figure 4.10 with Figure 4.11
which shows a glass sphere broken during shear testing, not while curing.

Figure 4.10: SEM Photograph of DP-8010 Glass Sphere Broken During
Curing.
Figures 4.11 and 4.12 are SEM pictures showing how the spheres appear
when broken during the shear testing.

Figure 4.11: SEM Photograph of DP-801 0 Glass Sphere Broken During
Shear Test. Notice the glass sphere is empty, not filled with adhesive like
Figure 4.10.
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Figure 4.12: SEM Photograph of DP-8010 Glass Sphere Broken During
Shear Test.
The glass spheres are embedded in the adhesive to ensure a minimal

thickness for the bondline. The SEM pictures confirmed the existence and
purpose of the glass microspheres.

4.3.2. AFM Analysis of Surface Roughness of Pipe Material versus
Pressed Pipe Material.
The pressed MDPE material looks and feels smoother than the pipe
MDPE material. The atomic force microscope ("AFM") was used to compare

the roughness of the surfaces of these two materials. Figure 4.13 is a picture
of the surface roughness of pipe MDPE material, and Figure 4.14 is a picture
of the surface roughness of pressed MDPE material, both taken with an

AFM. The surfaces of the two materials appear different. The pipe MDPE
material is much rougher than the pressed MDPE.

Figure 4.13: AFM Photograph of the Surface Roughness of Pipe MDPE
Material. The scan size was 15 IJm.

Figure 4.14: AFM Photograph of the Surface Roughness of Pressed MDPE
Material. The scan size was 15 jm.
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Table 4.9 details the surface roughness analysis performed by the AFM.
All of the roughness parameters are higher for the pipe MDPE material and
thus it is rougher than the pressed MDPE material.

Pipe MDPE

Picture #
and scale

RMS

Ra

Rmax

0.0397
0.3014
0.200
0.1804

0.4666
2.546
1.359
1.4572

Ra

Rmax

3;l5pm

1.442
1.5105

Picture #
and scale

Z

RMS

Average

MDPE

range,
pm
0.4666
2.623

0.0507
0.3799
0.2408
0.2238

15 pm
2; 15 pm
1;

Pressed

Z

1; 15 pm

range,
pm
0.5147
0.7972

0.0910
0.0719
0.520
2;l5pm
0.1484
0.1213
0.811
3; 15 pm
1.139
0.2334
0.1966
1.123
Average
0.8170
0.1576
0.1299
0.818
Table 4.9: AFM Roughness Analysis of Pipe MDPE and Pressed MDPE
Surfaces as Completed by the AFM Software. The Z-range is the maximum
vertical distance between the lowest and highest data points.

The AFM pictures and surface roughness analysis confirm that the
pressed pipe is smoother than the natural gas pipe MDPE.

4.4. Tensile Tests.

Tensile tests were conducted on all polyethylene materials used to

compare to the pipe MDPE. Figure 4.15 shows a comparison of the ultimate
strengths of tensile tests for all of the substrate materials. There are two sets
of data for the pressed MDPE to show there is some deviation between

pressings, but not much. The pipe MPDE tensile samples were cut from
natural gas pipe. Therefore these tensile samples were not completely flat.
Pipe MDPE material is our benchmark because this is the material ultimately

to be bonded. However, as mentioned previously, this material is not
available in sheet form or any form useful for scientific testing.

Comparison of Tensile Tests on HDPE, Pressed MDPE, & Pipe MDPE
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Figure 4.15: Comparison of Tensile Tests on HDPE, Pressed MOPE, and
Pipe MOPE. All tensile tests were run at a speed of two inches per minute.
The abbreviation Pr. means 'pressed". The two sets of data for pressed
MDPE were from two different pieces.

The HDPE has the highest tensile strength, close to 4000 psi. The pipe
MOPE and pressed MOPE are between 2500 and 3000 psi, and are similar
to each other.
Figure 4.16 shows two representative curves for each polyethylene
substrate material to show the shape of the tensile test results.

Comparison of Tensile Tests for Pipe MDPE,
Pressed MDPE, and HDPE
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Figure 4.16: Comparison of Representative Curves for Polyethylene
Substrate Materials.
Figure 4.16 shows the elastic moduli of the pipe MDPE and pressed
MDPE are very similar, as is the UTS.

The tensile tests gave a benchmark figure for the pipe material to be

compared to the other types of polyethylene material. These tensile tests
indicate that shear testing of adhesives on pressed MDPE should give similar
results to shear testing on pipe MDPE, when nothing else about the two

materials are considered. However, as shown by the AFM and the contact
angle analysis the physical surfaces and surface energies are not the same.

4.5. Shear Test Results of 3M Adhesives.

The ultimate goal of this research was to attain at least 500 psi in shear

strength for an adhesively bonded patch to pipe MDPE. The 3M Worldwide
technical data sheets state that DP-8010, DP-8O1ONS, and DP-8005

structural adhesives will exhibit an overlap shear strength between 850 and

1000 psi with HDPE. These strengths and higher were attained for the DP-
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8010 only after analysis of DSC cure kinetics experiments, the contact angle
analysis, the tensile tests, and many overlap shear tests were run to

determine the optimum curing parameters and surface preparation. The next
few paragraphs will highlight the shear testing done on these glues.

4.5.1. Phase I Shear Tests.
In Phase I of testing the 3M adhesives, sanded samples of HDPE and,

DP-8005, DP-8010, or DP-80 iONS were cured in a Blue-M oven at 80°C for

30, 60, 90, or 120 minutes, with no pressure applied to the samples. The
results of the overlap shear tests are shown in figure 4.16.
UTS of Shear Tests on DP-8010, DP-8OIONS, & DP-8005 Cured at8OC
600

-8010 30m

500

£

8O1ONS 30m
3-8005 3am

400

E-801060m
1P-8O1ONS6Om
-8005 60m

300

-8010 90m

A
200
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am

S005 90m

CP-8010120m
A

100
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1P.8005 120m
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Figure 4.17: Comparison of Ultimate Shear Strength of Shear Tests on DP8010, DP-8O1ONS, and DP-8005 Samples Cured on Sanded HDPE for
Different Cure Times at 80°C in a BIue-M Oven. The blue diamonds are for
DP-8010, the red triangles are for DP-8O1ONS, and the pink squares are for
DP-8005.
DP-8010, shown in dark blue in Figure 4.16, had shear strengths

between 300 psi and almost 600 psi. The results for the DP-8005 were less
inspiring. All of the DP-8005 samples exhibited shear strengths of less than
300 psi. DP-801 ONS is easier to work with than DP-801 0, and the technical
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data sheets from 3M indicate that the shear strength is similar to DP-8010
(850 psi for DP-8010 and 925 psi for DP-8OIONS). However, the DP-8010
outperformed the DP-8OIONS for all cure times. Although further testing was
conducted, DP-8OIONS and DP-8005 were determined to be inappropriate

for our purposes, and study of them was subsequently abandoned.

4.5.2. Phase II Shear Tests.
In Phase II extensive further experimentation was conducted with DP8010 and HDPE to determine the optimal cure conditions to attain consistent

shear strengths of over 500 psi. During the course of the testing this
researcher questioned whether sanding the surface of HDPE was effecting

the strength of the bond. This idea was explored with a search of the
literature, and the contact angle analysis previously mentioned. After more
shear testing this researcher concluded that sanding was negatively effecting
the bond strength, and decided to run an experiment where sanding was
randomized to determine whether or not it did effect the shear strength of the
bond.

The results of study to confirm the optimal parameters for obtaining
the ultimate shear strength with DP-8010 and HDPE are summarized in
Table 4.10. It was decided to conduct the study with HDPE because a large

body of test results with DP-8010 and HDPE already existed from this

research for comparisons. Two samples were made for each different
combination of the four parameters studied, temperature of cure, time of
cure, pressure applied during cure, and the sanding or not of the substrate.
The results of the two samples were averaged to give one result for each

combination of variables. Each of the parameters was assigned a low,

medium, or high condition. The cure temperature was either 70°C, 80°C, or
90°C. The cure times were 30, 60, or 90 minutes. The curing pressure was
varied as either 10, 15, or 20 pounds. And, the sanding was zero for no
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sanding of the HDPE bond surface, I for sanding with heavy grit sandpaper,
and -1 for sanding with fine grit sandpaper.

The failure mode column shows the type of failure that occurred in the

shear test. There are three types of failure for an adhesive bond in shear,
adhesive, cohesive, and mixed. Recall that adhesion refers to the force that

holds two surfaces together. Adhesive failure occurs when the glue fails to
stick to the substrate. When the broken joint is examined, the glue will
remain stuck to only one side; think of an Oreo cookie pulled apart with all

the icing on one side. Cohesion refers to the internal strength of the material
itself, either the adhesive or the substrate. Cohesive failure of the bond is
the structural failure of the adhesive. There will be glue on both sides of the
split substrate surfaces, or there would be icing on both sides of the Oreo.

Cohesive failure can also refer to the substrate failing structurally. However,
whether cohesive failure occurs in the adhesive or the substrate, it indicates

top performance for the joint is reached. This means the only way the joint
can be improved is to replace the adhesive, or substrate, with a stronger or

more durable material. Mixed is when a visual examination of the surface
shows that the surface of one substrate is not clean like for an adhesive

break but neither do both sides have adhesive on them. Rather there is a
combination of areas where the break was adhesive and where the break
was cohesive.
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Sample

Sand
Type

Time
[m]

Temp.
[C]

Press.

UTS

No.

[psi]

[psi]

1

0

1A

0

60
60
90
90
60
60
60
60
60
90
90
90
90
90
30
30
30
30
60
60
90
60
60
60
60
30
30
30
30
30
30
60
60

80
80

15
15

70

10

70

10

80
70
70
80
80
80
70
70
90
90
70
70
80
80
80
80
90
90
90
80
80
90
90
70
70
90
90
80
80

20

1099.3
1249.5
766.2
921.1
1258.1
1323.9
1368.0
986.3
927.0
1360.4
778.0
328.0
986.2
1012.0
976.3
1045.5
1370.6
1322.1
722.9
892.0
843.3
791.6
1270.9
1286.1
1386.5
835.6
1009.6
1281.3
1334.5
590.5
621.6
848.2
1116.4

2

1

2A

1

3

0

4

0

4A

0

5

0

5A
6A

0

7

-1

7A

-1

8

-1

8A

-1

9

1

9A

1

10

0

1OA

0

11

1

hA

1

12

1

13

0

13A

0

14

0

0

14A

0

15

-1

iSA

-1

16

-1

16A

-1

17

1

17A

1

18

-1

18A

-1

15

15
10

10
15

20
20
20
20
20
20
15
15
15
15
10
15
15

15
15
10
10
10

10

20
20
15
15

Average
UTS [psi]
1174.4
1174.4
843.7
843.7
1258.1
1346.0
1346.0
956.7
956.7
1360.4
778.0
778.0
999.1
999.1
1010.9
1010.9
1346.4
1346.4
807.5
807.5
843.3
1031.3
1031.3
1336.3
1336.3
922.6
922.6
1307.9
1307.9
606.1
606.1
982.3
982.3

Failure
Mode
cohesive
cohesive
adhesive
adhesive
mixed
cohesive
cohesive
cohesive
substrate
cohesive
adhesive
adhesive
adhesive
adhesive
adhesive
adhesive
cohesive
cohesive
adhesive
adhesive
adhesive
adhesive
mixed
adhesive
adhesive
adhesive
adhesive
adhesive
adhesive
adhesive
adhesive
adhesive
adhesive

Table 4.10: Experimental Parameters and Results with HDPE and DP-8010.
The table details the parameters varied, and the corresponding shear test
results. Sample 3A was discarded because the joint did not have enough
glue applied. Sample 5A failed because of a weak area in the HDPE
(substrate failure). Sample 6 was discarded because the glue was obviously
not cured. Sanding type indicates the surface preparation, zero, 0, for no
sanding, 1 for heavy grit sandpaper, and -1 for fine grit sandpaper.
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An examination of Table 4.10 will confirm that when the HDPE
substrate is sanded the failure is primarily adhesive failure. Correspondingly,

when the HDPE is not sanded it is consistently cohesive. Cohesive failure in
Table 4.10 refers strictly to cohesive failure in the adhesive. The
polyethylene substrate failed for one sample and this is indicated as
substrate failure.
Figures 4.18 to 4.21 visually illustrate the results of detailed in Table

4.10. Figure 4.18 shows the effects of sanding on the shear strength of the
joint. When the HDPE is not sanded the shear strength is more consistent
and superior in strength, and the failure is cohesive. In Figure 4.18, 1 and -1
are heavy grit and fine grit sanding of the surface, respectively, and 0 is no
surface sanding of the HDPE substrate surface.
Type of Sanding v. Ultimate Strength in Shear
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Figure 4.18: Results for Type of Sanding. Comparison of the type of
sanding with the ultimate strength or yield points in shear of the bonds. Zero
means no sanding; 1 means heavy grit sand paper was used; and -1 means
fine grit sand paper was used to sand the surface of the HDPE before the
DP-801 0 was applied. No sanding results in consistently higher shear
strengths for the DP-8010 bonded with HDPE.
Figure 4.19 shows the which of the cure temperatures 70°C, 80°C, or
90°C is optimal for the complete cure of DP-801 0. The optimal curing
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temperature for DP-8010 is between 70°C and 80°C. An examination of
Table 4.10 reveals that the cure temperature does not effect the type of
failure of the joint.

Ultimate Strength in Shear v. Temperature
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Figure 4.19: Results for the Variance in Cure Temperature. Three
temperatures were investigated, 70°C, 80°C, and 90°C for the heat of curing
the DP-8010 with sanded and unsanded HDPE.
Figure 4.20 shows the shear test results correlated to the amount of time

the adhesive joint was heated. The results seem to indicate that the amount
of cure time between 30 minutes and 90 minutes does not effect the shear

strength of the bond. More investigation is needed to confirm this. The DSC
cure kinetics indicate that 30 minutes is not enough for a full cure.
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Ultimate Strength in Shear v. Cure Time
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Figure 4.20: Results for the Variance of Cure Time. The duration of the cure
was investigated for three lengths of time, 30, 60, and 90 minutes. The Yield
Point is the Ultimate Strength of the bond.
Figure 4.21 shows the shear tests results for the amount of pressure

applied during heating. The difference in results for 10, 15, or 20 pounds
pressure is not distinguishable. Previous testing during this study indicated
that some but not much pressure yielded the best shear strengths. The SEM
pictures confirmed that too much pressure during curing would break the
microspheres imbedded in the adhesive to maintain a sufficiently thick

bondline. However this parameter of the experiment was too subtle. It would
have been better to use a wider variance of pressures to determine the upper
and lower boundaries needed to produce the best bond.
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Ultimate Strength in Shear v. Cure Pressure
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Figure 4.21: Results for the Variance in Pressure Applied During Curing.
The amount of pressure applied during curing was either 10, 15, or 20 psi.
This final experiment confirmed sanding was effecting the strength of the

bond negatively. The time, heat, and pressure of curing did not give as
decisive results, but did confirm that between 800 psi and 1400 psi in shear
can be consistently attained within the bounds of these curing parameters.
Based on these studies, the optimal set of conditions for adhesive curing
using DP-801 0 and HDPE is to cure at 80°C for 60 to 90 minutes, at 15

pounds pressure, and to not sand the surface of the HDPE.
Shear testing was also done with DP-8010 and pressed MDPE. Tests
were done on samples of pressed MDPE which were cleaned with alcohol

but not sanded. Figure 4.21 shows the ultimate strengths attained were
similar to the shear test results with DP-8010 and HDPE. The ultimate shear
strengths are between 800 and 1200 psi. However the failure mechanism
was primarily adhesive.
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Shear Tests on Pressed MDPE & DP-8010
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Figure 4.22: Shear Test Results for DP-8010 and Pressed MDPE Material.
The ultimate shear strengths are very similar to shear tests results for DP8010 and HDPE. The dates in the legend refer to the shear test date.
Figure 4.23 shows shear test results for HDPE and DP-801 0, and for

pressed MDPE and DP-8010 cured under the same conditions of 80°C for

90 minutes with 15 psi pressure. This figure allows visual comparison of the
results with these two substrates.
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Comparison of Shear Tests on Pressed MDPE & HDPE with DP-8010
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Figure 4.23: Comparison of Shear Tests on Pressed MPDE and HDPE with
DP-8010 cured at optimal conditions.
4.6. Shear Test Results of Henkel Loctite 3030 Adhesive.

The Henkel Loctite technical data sheets for Loctite 3030 indicate a

strength of 2200 psi can be attained with HDPE. These strengths were not
attained before the study of Loctite 3030 was abandoned. The study of
Loctite 3030 was not continued because it cures at room temperature and

has a very short handling time. Although the shear strengths attained were
promising, the curing conditions of DP-8010 are easier to consistently repeat.
This is important because the adhesive chosen will have to be applied to

natural gas pipe in the field. The cure conditions of DP-8010 are not as
sensitive to error as the Loctite 3030. Although the best temperature for
curing DP-8010 is 80°C, it will also cure at temperatures between 50°C and
90°C with varying amounts of time. Thus, there is room for the technician to
be careless in the application and curing of the DP-8010. The Loctite 3030
cures at room temperature and the handling time is less than three minutes.

Although the DSC seemed to indicate Loctite 3030 curing at 60°C, 70°C, or

80°C, the shear strength of the bonds cured at these temperatures is very

low. The bonds cured at room temperature display consistently much higher
shear strengths. Also the study seemed to indicate that when the cure at
room temperature was longer the shear strength was higher. The samples
allowed to cure for one week had very high shear strength. All of the
samples cured with more heat failed adhesively. Table 4.11 shows the study
of Loctite 3030 and the shear test results. Figure 4.22 will follow for better
understanding of the shear strengths attained. As mentioned above the
temperature of the cure is a major factor in the strength of the bond. The
other major factor is whether the polyethylene substrate was sanded or not.
The shear strengths were much higher when the substrate was not sanded.

Material

HDPE

Shear test results for Loctite adhesive (0.5 in/mm)
Cure conditions Shear
Note
Failure
stress,
mode
psi
RT-ns-iweek-1
RT-ns-iweek-2
RT-ns-1 day-I

1184
1538
1059
884
895
655
476
419
401
232

Cohesive
Cohesive
Cohesive
Cohesive
Cohesive
Adhesive
Coh./Adh.
Adh./Coh.

Good results for I
week

Adh./Adh.

Sanding shear

Adhesive

stress; changes
failure mechanism

60C/1 .5h-s-1

650
457
273

60C/i .5h-s-2

291

Adhesive
Adhesive
Adhesive
Adhesive

90C/2h-ns-i
90C/2h-ns-2

378
467
438
489

Adhesive
Adhesive
Adhesive
Adhesive

RT-ns-1 day-2

RT-s-Iweek-1
RT-s-1 week-2

60C/lh-ns-1
60C/Ih-ns-2
60C/Ih-s-1
60 C/i h-s-2

60C/i .5h-ns-1
60C/1 .5h-ns-2

90C/2h-s-1
90C/2h-s-2
40C/3h-ns-1
40C/3h-ns-2
Table 4.11 continues on the next page.

Sanding shear
stress

Sanding ,j.shear
stress; changes
failure mechanism

Pressed RT/lweek-ns-1
MDPE
RT/lweek-ns-2

1230
1142
563

409

Cohesive
Cohesive
Adh./Coh.
Adh./Coh.

908

Adhesive

244*

Sticky
failure
surface

RTflday-ns-1
(P=book)

915

Cohesive

RT/1 day-ns-2
(P=0)
RT/1 day-ns-3
(P=0)
80C/oven-1 h
(P=0)

647

Cohesive

843

Cohesive

495

Adhesive

RT/lweek-s-1
RT/lweek-s-2
RT/lday-ns-1
(P=book)
RT/1 day-ns-2
(P=book)

Good results for I
week
Sanding Jshear
stress; changes
failure mechanism

End of glue stick
(only one
component left);
sticky on fracture
surface
Minimum pressure
is better than none

40C/oven-2h-ns1 (P=0)
40C/oven-2h-ns2 (P=0)
Table 4.11: Shear Test Results for Loctite 3030. The notations: RT means
room temperature; ns means the HDPE substrate was "not sanded"; S
means the HDPE substrate "sanded"; P means "pressure" during curing
Figure 4.24 is a visual representation of the shear testing on Loctite 3030.

Shear Tests Results for Loctite 3030 and HDPE
1800 T
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RT;s-1

1200
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Figure 4.24 Shear Test Results for Loctite 3030 and HDPE. The legend
indicates the curing conditions and whether the HDPE was sanded "s", or not
sanded "ns". "RT" means the adhesive was cured at room temperature.
The conclusions of the Loctite 3030 study are that sanding the substrate
surface reduces shear stress at all temperatures of curing, and the failure

mechanism is adhesive. Elevated curing temperatures also reduce shear

strength and the failure mechanism is again primarily adhesive. When
Loctite 3030 is cured at room temperature for longer times the shear stress is

increased. And, the failure mechanism for substrates that were not sanded
and cured at room temperature were always cohesive.

4.7. Conclusion.

The mechanical and material properties of the polyethylene substrate

materials were explored. Tensile strengths of the substrates were found.
The DSC was used to characterize the polymer substrates, and to study the

cure kinetics of the adhesives. Contact angle analysis, AFM, and SEM were
used to study the surfaces of the substrates and the bonded adhesive.

The shear testing exposed the weaknesses and strengths of the
adhesives. The DP-801 ONS and DP-8005 did not exhibit the shear strengths

with HDPE expected from the literature. The DP-801 0 shows consistently
high shear strengths between 800 psi and 1400 psi when cured with an

optimal set of curing conditions. The optimal curing conditions were
discovered to be 80°C for 60 minutes at about 15 psi pressure with
unsanded polyethylene substrate.

And, the Loctite 3030 preliminarily shows shear strengths between 1200

and 1500 psi are possible to attain consistently. Although high shear
strength can be attained with Loctite 3030 the study of this adhesive was
abandoned because it is too difficult to handle and cure in field conditions.
The optimal cure conditions for Loctite 3030 is room temperature for one

week with unsanded polyethylene substrate. The amount of pressure during
curing did not seem to effect the bond.

5. Summary.
This research was conducted to investigate the appropriateness of four
commercially available structural adhesives for bonding a patch of
polyethylene to medium or high density polyethylene natural gas pipe.
The adhesives, if used for this project, must be able to fully cure for a strong

while applied under field conditions. A tool is being designed and
manufactured by Timberline Tool which will allow the application of a patch
from the ground surface to a pipe four to six feet below in an hole as small
as 18 inches in diameter http://www.timberlinetool.com/news.cfm

.

This would

require less excavation of the pipeline when repairs for leaks are
necessary. Previous modeling of leaking pipe [J. Hunt thesis 20041 found
the shear stress a patch would have to withstand would be up to 1000 psi
for a pipe with 200 psi internal pressure or 500 psi shear for a pipe with 100

psi internal pressure. Shear strengths between 800 and 1400 are
consistently attained with 3M's DP-8010 adhesive when bonding either
HDPE or pressed MDPE natural gas pipe.

The adhesives studied in this research are very new technologies. The
3M adhesives were commercially released in late 2003 and the Loctite

3030 was preliminarily released in summer 2004. In fact, the Loctite 3030
is still very difficult to obtain. Most distributors are unaware of its existence,
and Henkel Loctite still considers Loctite 3030 a test product.
Some of the properties that make polyethylene ideal for the transport of
natural gas are the same properties that make it very difficult to bond either

to itself or most other materials. These elements include being chemically
inert and possessing a very low surface energy. Prior to the manufacture of
the adhesives studied in this research, it was not possible to strongly bond

polyethylene without pretreating the surface. The surface energy of the
polyethylene had to be raised because for an adhesive to bond, the surface
energy of the adhesive must be as low or lower than the surface energy of

the substrate. Polyethylene tends to have lower surface energy than most
solids. This means that all adhesives and liquids typically have a higher
surface than polyethylene. A common pretreatment is the sanding of the
solid surface to create more interfacial area for the adhesive to bond to the
substrate, and to generate some mechanical interlocking between the

adhesive and the substrate. However, as this research rediscovered, the
sanding of a low energy solid surface will increase the degree of wetting
only if the liquid (adhesive) also has comparatively low or lower surface

energy. In fact sanding a low energy solid surface tends to decrease the
wetting of all liquids. Contact angle analysis further confirmed that the
sanding of the polyethylene substrate promoted less wetting of the
adhesive DP-801 0, and the shear test results showed low strengths when

the polyethylene bond surface was sanded. Although Wenzel (1936)
reported these findings decades ago they are not common knowledge, and
even the 3M Technical Data sheets suggest the pretreatment of sanding

the surface of polyethylene to promote adhesion. However when Wenzel
described the discovery of how the surface energies of the solid and liquid
promote adhesion or repulsion in 1936, plastics were in their infancy and
certainly not as ubiquitous as they are currently.

The mechanical and surface properties of the three different types of

polyethylene considered for bonding were examined. The HDPE, pressed
MDPE, and pipe MDPE all have similar elastic moduli. As expected, the
tensile strength of the HDPE is the highest. The pressed MDPE and pipe
MDPE are comparable in tensile strength. The surfaces of the pressed
MDPE and pipe MDPE were compared with the AFM and the pressed

MDPE was shown to have a smoother surface than the pipe MDPE. The
surfaces of all three polyethylenes were examined with contact angle

analysis. The surface of polyethylene tends to be more hydrophobic when

sanded. Also the DSC was used to conduct cure kinetic studies on the four
adhesives. It was also used to characterize the polyethylene substrates.

This research is a small part of a larger ongoing project regarding use of
the tool designed by Timberline Tool to repair natural gas pipeline in the

field. An adhesive was found which was suitable for bonding at the shear
strengths required, and the polyethylene substrates of this research were
thoroughly investigated.

6. Recommendations.
6.1. Recommended Bonding Conditions for HDPE and MDPE.

DP-8010 manufactured by 3M strongly bonds HDPE or MDPE when the
adhesive is cured properly and the substrate surface is prepared correctly.
The optimal curing conditions for DP-801 0 are 80°C for 60 minutes with

minimal pressure of about 15 psi. The polyethylene substrate should be
cleaned with alcohol but not sanded. This bonded joint will withstand 800 to
1400 psi in shear force.
6.2. Future Studies.

Although the adhesives and polyethylenes of this study were thoroughly
investigated there is more investigation that would reveal useful information
regarding the strength of the patch bonded to natural gas pipe.

The equipment is being built now which will allow bonding studies to be
conducted on curved pipe MDPE pieces.

Also investigation of the long-term strength of the bonds is needed. A
durability study to explore the effects of weather, contamination, and

temperature has been started. A durability study would illustrate how
strong the adhesive will remain over time and in weather and soil. The
durability research will complete shear tests on samples that have been

treated as outlined below. The samples will be both HDPE and pressed
MDPE cured with DP-8010 under the optimal conditions.

Shear tests will be done at lowered and elevated temperatures. One set

of tests will be conducted at 0°C with the sample enclosed in ice. Other
tests will be conducted at Albany Research Center where shear testing can
be conducted over a wide range of temperatures.

Cured samples will be weathered. Three samples for 2 weeks, and 1, 2,
3, 6, and 12 months will be buried in the ground. Three samples for each of
the same time periods will be placed on a rack outside. Shear tests will be
conducted at the end of each time period.

Also indoor accelerated aging will be explored. Two samples for the
same time periods as above will be immersed in water. The immersed

samples will be at room temperature, at 6 8°C in a refrigerator, and at
0°C in the refrigerator. One set of samples will be placed in the freezer

(18°C). Another will be in a cabinet set at 60°C.
The Forestry Department of Oregon State University has various
humidity-controlled rooms where other aging studies will be conducted.
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Appendix I

Sample: HDPE McMaster Carr
Size: 13.2000 mg
Method: Ramp
Comment: HDPE used for gel/adhesive pipe patch

File: C:...\MDPE Pipe\11-12HDPE DSC.0O1
Operator: Cheryl Carbone
Run Date: 12-Nov-04 11:43
Instrument 2920 MDSC V2.6A
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Sample: MDPE Nat Gas Pipe
Size: 15.7000 mg
Method: Ramp
Comment: MDPE Nat Gas Pipe used for gel/adhesive pipe patch

File: C:...\11-I2MDPE Pipe lstramp.001

DSC

Operator: Cheryl Carbone
Run Date: 12-Nov-04 14:49
Instrument 2920 MDSC V2.6A
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File: C:.1 1-12 MOPE Pipe 2nd ramp.001
Operator: Cheryl Carbone
Run Date: 12-Nov-04 15:04
Instrument: 2920 MDSC V2.6A

Sample: MDPE Nat Gas Pipe
Size: 15.7000 mg
Method: Ramp
Comment MOPE Nat Gas Pipe used for gelIadhesive pipe patch
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Sample: MDPE natural gas pipe
Size: 14.5740 mg
Method: ramp

TGA

File: C:..\1 1-12 MOPE Nt Gas Pipe TGA.001
Operator Cheryl Carbone
Run Date: 12-Nov-04 12:42
Instrument 2950 TGA HR V6.OE
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Sample: Pressed MDPE Nat Gas Pipe
Size: 15.5000 mg
Method: Ramp
Comment Pressed MDPE Nat Gas Pipe used for gel/adhesive pipe patch

DSC

File: C:..11-12 Pressed MDPE 1st ramp.001
Operator Cheryl Carbone
Run Date: 12-Nov-04 14:21
Instrument 2920 MDSC V2.GA
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Sample: Pressed MDPE Nat Gas Pipe
Size: 15.5000 mg
Method: Ramp
Comment: Pressed MDPE Nat Gas Pipe used for gel/adhesive pipe patch

DSC

File: C \11-12 Pressed MDPE 2nd ramp.001
Operator Cheryl Carbone
Run Date: 12-Nov-04 14:35
Instrument: 2920 MDSC V2.6A
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Sample: Pressed MDPE pipe
Size: 11.7800 mg
Method: ramp

TGA

File: C:...11-12 Pressed MOPE TGA.001
Operator Cheryl Carbone
Run Date: I 2-Nov-04 11:44
Instrument 2950 TGA HR V6.OE
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