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Introduction:

The present work is aimed at achieving a fuller understandirijeocause of one mode

of failure of a component used in residential water filtratidm. 1993, a company called
Ametek introduced a residential water filtration system for use with refrigerators with
in-the-door ice and water dispenser3hese filtersare meant to remove common
impurities such as chlorine and minerals from tap water. Each filter has a useful life of

between six to twelve months after whichmust be replaced.

In order to make the task of filteeeplacement faster and easi&metek and later other
companies engaged in the same line of business electpdodequick disconnect
couplingswith the filters to allow easier changeSenerally, this was performed by
plumbing the filter behind the refrigerator, under a sink, osame other inconspicuous

yet convenient space.

A quick disconnect couplif(gr, simply, a coupling$¥ a type of fluid connector that
allows equipment or fluid lines to be connected and disconnected quickly and without
the use of tools. @iplings aregenerally used in fluid or air handling systems where
service requirements necessitate bréagtand makng connections in the system easily.
For instance, a workshop may have a variety of tools that are air driven which are

needed at various times. Rathiéran installing a hard plumbing connection each time a



tool must be changed, one half of a quick disconnect coupling may be installed on the
air supply outlet and a mating half may be fitted to each tool. When a need to
transition from using one tool toreother arises, the quick disconnect coupling on the
tool in use can be easily disconnected, and the mating component on the newly

required tool can be clicked into place in a matter of moments.

The coupling chosen by Ametek, which later gained acceptanm other

YIydzFF OGdzZNENRZ ¢ & LINE RdzOS RColdet PradécS | dzii K 2 NI
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was unique in the market at that time, owing to its simple tpiece, singlenaterial, all

injection moldedplasticdesign. The parts were originally designed for general industrial

and chemical use in applications such as air and water lines, compression therapy

devices, cooling circuits and heat exchange systems, and laboexjoiyment, among

others.

In 1995, after less than two years in the field, Ametek began receiving claims from

insurance companiedlter systemsnstalledin the field werefailing,releasing water

and causing damage which the insurance companies payag to repair. After paying
contractors to repair any damage, the insurers were pursuing Ametek for the dollar

value ofthelossesL y GAYSEI GKSeé& o6S3ry G2 LlzNERdzS / 2fR

couplings werdracturingin some of these losses.



Colcer has been defending against such clagimge 1995.0ften, claims are
substantiated by reports prepared blyird party analystsvho have evaluated parts
involved in such lossedbwever, their analyses have generally lacked scientific rigor,
making clans based more upon assertion than upon documented testing, calculation,
and analysisThe purpose of this thesis is toore rigorously explore the fractures
observed in such parts arsttientifically determine thenost likelycause of one of the
failure modes seen in the field, and to develop a master comparison to enable fracture
surfaces of broken parts to reference images to determine the mechanism of crack

propagation involved in a given break.

Thesis Organization:

The present work begins with amtroduction to the history of the project and the

nature of the parts being considered in order to lay a foundational understanding for

the material to follow. Next, an analysis of the various types and degrees of loading that
may be encountered in thedid is presented to investigate the types of stress that must
be considered, followed by the legal and economic ramifications of part breakage in the

field.

Next, the chemistry and material properties of the acetal material used to fabricate the

couplings will be considered in terms of its advantages, disadvantages, and suitability.



The thesis will conclude with an analysis of several parts that were intentionally exposed
to specific, singular load conditions (fatigue loading, creep, and overload) trajen
intentional failures. These parts were extensively characterized in order to identify
specific features that are characteristic of that failure mode in order to enable accurate
determination of the cause of fracture in samples with unknown strest®hes, and

these features are reviewed in detail. Finally, conclusions will be offered along with

recommendations for future study.
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Part History:
In order to provide maximum clarity for the reader in further exploring the present

thesis, it is prudent to providan overview of the APC coupling that will be evaluated in

later sections.

a “‘ é

'
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Figurel: Exemplar APC couplings. A coupling consists of a male and female component, which are joined by a
locking mechanism. Body (femalepmponentsare shown on the top row. Insert (male) components are shown
on the bottom row.

The APC product wamt designed especially for use in water filtrationrighallyit was
conceived as a replacement for medtomponent couplings that consisted of metal
latching mechanisms and plastic wetted componerEgsamples of different APC
couplings are shown iRigurel. By introducing a new latching tecblogy with
integrated cantilever springs in the locking component (called a oliphumblatch),

significant cost savings were achievampared to earlier designs



Several different versions of the APC have been developed which employ different
terminations, allowing the&ouplings to be connected to different mating components.
For example, some parts use hose barbs to allow soft plastic tubing to be pushed over
the back of the coupling, where it seals in place. Others use pipe threads allowing the
coupling component tde screwed into place. Still others have a PTF termination which

allows a metal nut to compress and trap soft plastic tubing on a miniature hosebarb.

Many of these configurations are standard products, while other configurations have
been made available as custom produdts.addition to offering a fixed catalog of parts

for sale, Colder Products Company also makes it a practice to offer custom seykion

its standard product to customers who have special requirements. For example, a
customer may have a need for a coupling with a+standard termination, perhaps

using a different thread design to mate to some part of their own. Colder would then
desgn and produce a variant on the standard product to meet the specific requirements
of that customer. This is the process that led to the development of a coupling for the

water filtration application.

The specific parts developed for water filtratiapplications were custom parts.
Specifically, in order to be used in residential plumbing applications, the APC would
needtobe 6t S G2 YI OGS (G2 &adl ysedilN&sidential plurbbing 2 LILIS NJ

This required Colder tbuild tooling tomatch SAEspecificationgor such connections



The APC couplings developed for Ametek were then incorporated into a filter assembly
containing parts not made by Cold&igure2 shows a diagram of the filter assembly as
a whole. Again to enhance clarity, it is useful to indicate the name and material of each

component, and who producas Thismformation is presented ifablel.

b |

D

Figure2: Image taken from GE Appliances instructions for a filter kit; modified to enhance claritiiis graphic
illustrates thecomponents included in a water filter assembly. Components E, F and H are produced by Colder,
while the rest are supplied by others, while a filter manufacturer assembles the components into a finished
product.

Tablel: This tabé indicates the manufacturer and material of each of the components used in a typical installation.

Letter = Component Name, material Produced by

A Water supply line, copper or polyethylene Other, not included in kits
B Compression nut, brass Other,included in kits

C Reinforcing Insert, Brass (used with polyethylene tubir Other, included in kits

D Ferrule (brass or polyethylene) Other, included in kits

E Valved APC series body, acetal Colder Products Company
F Nonvalved APC series insert Colder Products Company
G Filter Cartridge Ametek, SteRite, et al

H Nonvalved APC series body Colder Products Company




The use of quick disconnect couplings in this application allowed the homeowner to

replace their filters much more easily than hdwktproduct been hard plumbed into

place. An additional benefit was achieved through the use of an automatic shutoff valve

in one of the bodies (the one intended to be installed on the water supply side). The

shut off valve would automatically stop th@ of water through the coupling upon

disconnection through the use of a spridgven valve. On connection, the insert would

push this valve into the open position, but upon disconnection, the valve would

automatically move back to the closed positiotopping water flow. This allowed the
FAEGSNI G2 06S NBLIFOSR Ay | aK2dG aélL¥ Fl aK

of water to the refrigerator using a separate valve.

The water filterassemblyis often installed by a consumer rather than agfessional
plumber or other skilled or senskilled tradeperson The installer is provided with the
filter, couplings, related hardware, and a set of instructibgghe filter manufacturer

An example of the instructions provided are shown in AppeAdix

As with any consumer produdignificant variatiosin installationconditions exist.
Some parts are doubtless exposed to more adverse conditions than otfdms.
instructions call for the water filter to be installed behind the refrigerator. Many

homeowners, however, seem to deviate from this method, often locating the filter



under a sink, in a wall cavity, or between rafteEszen when the filter is installiein the

correct location, it is often not installed within the recommended parameters.

This variation in installation conditions may play a role in causing some couplings to
fracture. Several possibilities are easily imagined that would lead to exreadingof

the coupling and the filter For instance, if the filter were installed as directed behind

the refrigerator, the filter will prevent the refrigerator from being restored to its original
position, tight against the wall. This results in thepdiance jutting forward from the
countertop more tharmay be desired If a homeowner were to be dissatisfied with this
situation, and less than careful about his analysis of the problem, he may through some
violence attempt to move to refrigeratdyack to its original position, applying
considerable force to the appliance, and therefore to the filter and tubing assembly

behind it.

Addtionally, when the refrigerator is moved away from the wall, a short piece of tubing
could result in the entire mmentum of the moving appliance being arrested by the
water supply line, transmitting that kinetic energy into the deformation of tubing, and

loading the couplings as well.



Other possible scenarios can also be imagined, including the repetitive furling and
unfurling of the tubing under a sink or in a wall cavity as the filter is extracted from its

tight space for a change of the cartridge.

These various scenarios, and others not postulated, lyaaldedclaims on roughly 1

part in 50,000 sold by Colder smthis market. This ratio is quite small, however, when
one accounts for the fact that over 20,000,000 parts have been sold over the past 16
years, thetotal number is nontrivial. Severdifferent failure modes affecting different
portions of the couphg components have been observémwever, the scope of this

document will include only one of these.



Figure3: Photograph showing the location of the crack in the mode of interest to this analysis. The crack passes
through the "ears" responsible for retaining the latching mechanism. An arrow indicates the crack location in the
figure.



The mode of interesin this thesigs the fracture of one of the two the body

components at the section which is responsible for retairtiveglocking clip. This area

Ad NBFSNNBR (2 Fa (GKS &SI NAFEguRsF Thé &b join 2 Re X
the main body of the component to the riddke face of the part that encloses and

secures the locking clip. A break through the ears will release the locking clip from the

body and allow a coupling insert to be ejected, breaking the connecfitiis break can

occur on either the valved or nevalved body componenboth parts have the same

clip component, and the geometry of the plastic retaining the clip is the same indsoth

well.

The nonvalved component fracturing would result in the release of water. The fracture
of the valved component may not result in the release of water, however. When
properly installed on the water supply line (as opposed to the applianesddithe

filter), a break in this location would result only in the disconnection of the body and
insert components. A spring activated poppet valve inside the body would be driven
against its seat upon disconnection, which would halt the flow of watedrpaavent

damage.



This failure mode is common only to thiest type of couplings ithe water filter
application; therefore this is thipe of product that will be the subject of the present

analysis.

Load Analysis
A break at the ears implies some foohexcessive stress in them, which can arise from

several sources:

1.) The fluid pressure in the coupling, which acts to force the coupling apart and
is resisted by the thumblatchThis force should total less thd® pounds
with the 80 PSI pressure thatttee typical maximum in residential plumbing.

2.) The force of the spring pushing out on the insert in the cases where the
fractured part is the valved body. (No spring is present in thevaived
body.) This force is additive with the effect of fluid pressand contributes
2.8 pounds.

3.) Water hammer forces from the dissipation of the kinetic energy of water
flowing through the filter. This effect is expected to be small because the
low flow rate of water through the filter prevents significant kinetic emer
from being developed.

The calculation for water hammer requires use of the equation:

Vo —2 | VG
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Equationl
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liquid
| = Flow ratein GPM
D = Inside diameter of fluid path upstream from the componéminches
S = Specific gravity of medium (In this case, 1 for water)

B = Bulk modulus of liquid (310,000 P8lhe Lee Company, 2009)
a = a dimensional constant

Defining the values of the variable parameters is straightforw&@® NJ 0 ¢ h5
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This calculation assumes a rigid system, with no volumetric expansion
available to absorb the energy of the moving liquithe use of plastic
tubing, or even the flexing of the filter cartridge itself, along with any tubing
elsewhere in the system inside the appliance itself will allow the momentum
of the flowing water to be dissipated in other components, reducing the

magnitude of this force.
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The Waer Quality Association prescribes a water hammer test simulation 20
years of service (100,000 pressure spikes) and the filter system passed this
testing. This indicates that the water hammer is not likely to be a primary
source of failure. However, it pacontribute stress to the overall system.

4.) Tensile and bending forces from the filter installation. This is expected to be
especially large in instances where the filter position is fixed and-sgidi
copper tubing is used to plumb the supply line besmgold working as a
result of filter changes casignificantly increase the rigidity of the tubing.

is discussed in more detail later in the analysis.

Environment:

The environment the product is exposed to is generally considered to be benign. The

ears are never exposed to liquid from the water line because they are out of the

flowpath of the pat, so environmentally assisted cracking based upon chlorine or other

contaminants in the water are not contenders for root cause.

11



The temperatures encounted in the application are expected to be slightly above
room temperatures owing to the installation occurring in a home environment where

the part will not be exposed to extremes of heat or cbld.

Product Validation Testing:

In the course of the commeial life of the product, several rounds of testing have been
conducted, aimed at determining or demonstrating the capabilities and performance

envelope of the design.

Three of these tests are noteworthy for purposes of the present problem, given their

correspondence to the loading scenarios previously postulated.

1.) Burst test
The most fundamental force a fluid connector must withstand is the force of the fluid
media it carries. This test is performed to ensure that the product will be able to
withstand pressures far in excess of its rated usage pressure without fracturing. This

product was subjected to burst testing at room temperature. The burst pressure for the

' In a few instances such as vacation homes which may not be kept air conditioned when not inhabited,
higher temperatures are possible. These cases are expected to be outliers, however, and will not be

considered in the present analysis.
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product in the coupled state was found to be a minimum of 690 PSI. At this pressure,
someparts were found to extrude the copper tubing from their compression

terminations. No fractures ocurred in this testing up to pressures in excess of 1000 PSI.

2.) Tensile test
In order to apply a greater degree of force directly to Hrea of interest irthis
LINPOE SYEZ GKS aSINBéE 2F (GKS 02Re& ¢KAOK NBGF
loading. In this test, a steel approximation of the clip is inserted in place of the normal

plastic clip. This steel clip has a threaded hole in the center, whickedo apply a

linear load with a screwriven load frame.

It was noted in the course of testing the product in this manner that shrinkage voids
were present in some parts in the middle of these sectiofsis feature is worth
analyzing in some deila Figure4 shows a micrograph of a fractured clip face which has
two voids in the ear regions. These voidsfaund in a significant fraction ohese
components.Indeed, Voids are a normal feature in injection molded components with
sophisticated geometries, and aoften (as is the case her#je result of normal cooling
of a highly crystalline polymer, such as the acetal used to make this canpomhese
voids are caused by shrinkage related to the volume change the material experiences

upon crystallizing and cooling from the molten state during molding.

13
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Figure4: Optical micrograph showing voids in theenter of the "ear" cross sections. These voids are caused by
shrinkage of the acetal material, and are commonly found in this location. This particular image was captured in

analyzing a filter assembly returned for analysis in a lawsuit.

Interestingly they appear to have little to no effect on the overall strength of the
product. &rinkage voids do not, in themselves, indicate a defective component.
/ 2t RSNR&a GSadAy3a FyR LINRPRdAzOG ljdzt t ATAOI GAZY

is common. &rther, productvalidation testing on similar components indicates the

14



presence or absence of voids in this location does not have a significant effect on part
strength, and further, that voids do not predict rupture strength. Test results have
indicatedno strong relationship between the presence of voids and the force to break

parts through the void.

Force to break APC EaRound Design

200

!0 .
_0
Y
$ 0.0
180 [ ABge ¢

190

Force to beak
160

Void on 1 side

# No Voids
150

140 T T T T T 1
0 5 10 15 20 25 30

Sample Number

170 B Voids in each side

Figure5: Plot of force to break a part in tensile testing, separated by the presence of voids. Data isrshow

independently forparts without voids, with voids on the nofgate side, and with voids on both sides of the part.

The irsensitivity offorce to breakto the presence of voids can be understood
on the basis of a basic calculation. The dimensions of two typical voids are

shown inFigure4. The area of the voids can be calculated by assuming the
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long dimension and b is half of the short dimension

Calculating thusly, the void area is only .000177 square inches on one side
and .000213 square inches on the other side. The overall surface area of the
fracture is ~.0782 square inches. The void area, then, is 0.4% oferall

surface area. Becaastress at failure is given by:

O
5

A reduction of the load bearing area by such a trivially small amount can be

expected to have a trivial effect on the load bearing capacity of the part.

This would not be the case if the void were to act as a stress concentration.
However, the experimental data appears to indicate that this is not the case.
In the case we are presently analyzing, it was found that the fracture actually
appeared to initite at theend of the ear, not the middle. Crazing and
multiple nascent crack initiations were found in that region of the part.

Images showing these cracks can be found below.
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Figure 6: Optical micrograph of the initiation location at the end of the ear. Multiple cracks initiated at this
location, one of which progressed across the entire fracture surface. These cracks would not have formed he
the crack initiated in the center of the ar near the void, as the overall areavhen the crack reached this point
would have been so small and the effect of the sharpness of the crack tip so large that the material in the pla:
zone would simply have fractures, not generated additional, parallel cracks offlane.

17



Ear B had crack initiation at the thumbpad side of the ear. progressing from the top to the bottom,
Alternate initiation cracks are indicated,

Figure 7: Optical nmicrograph of the true initiation location at the end of the other ear. Again, multiple cracks are
noted. These indicate a relatively uniform state of stress across multiple planes in the material, which wadald n
200dzNJ KFR GKS LXFadGAO YFGSNAFE ONIFO1SR FTNRY (GKS C
concentration influence would have concentrated stress on the actual fracture plane, not initiated additional cr¢
near its termination. Further, the vertical stepping seen in this location is not consistent with a rapidly terminatii
ONJ O1Z odzii NI GKSNJI gA0GK | dopmeydadedFeyichsicaudell bylsteady\stateatigue
stress.

These cracks near trezlges rather than the middle of the ear indicate that the
operative stress concentration is not the void in the middle of the ear, but perhaps the
relative delicacy of the edge of the ear itself, which concaessits mass near the

center and tapers in ticskness to a rounded edge at both top and bottom. The multiple
cracks in this location seem to be consistent with images of aggregation of local
microcracks in damaged plastics. An image of sychenomenon is shown Figure

12.
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It seems from this analysis and related observations that the presence of voids is
incidental to the mechanism of failure. Further, it is seen that the overall strength of
the part in tension is extremely high, requiring a force of over 160 Ibsf to genara

failure.

3.) Bending test

While the most fundamental force a coupling will have to withstand is linear, it is not
uncommon for parts in redlfe applications to be exposed to bending momenthe
bending load which can be achieved in this applicaitolarge owing to the relatively

stiff tubing that is often used as well as the force used to maneuver and position the
refrigerator unit, which may be used to pin the filter against unyielding structures such
as the back panel of a cabinet or againstal. Significant attention will be devoted to

the magnitude and origin of bending moments in a later section of this paper.
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Economic and Legal Considerations:

The reason broken parts are a concern to Colder is because of the liability it is believed

to have by insurance companies. When a part breaks in a home, the damage that

NBadzZ 6a Aa IASYSNIfte O20SNBR o0& K2YS24ySND
often pursue anyone they can identify for their loss in a process csillesbgation.

. S0FdzaS GKS LI NI Id AaadsS KFa /2f RSNRa 23
damages despite the fact that Colder is a component supplier to the filter manunéac

not the designer of the overall system.

Colder relies upon the judgment of the engineersaétomercompanies to know and

determine their own requirements and to ensure that the product they have selected
developed does in fact meet those requirents. In most cases, this approach to
0dzaAySaa Aad ljdzAGS adz00S&aa¥FdzZ Fa GKS YI22NR
requirements, and their products are used by sophisticated users who are somewhat

technically savvy and skilled at mitigating theksd of potential problems.

The water filter application was one of the first times that a Colder product was
marketed on a consumer product where it would be installed and maintained by non
professionals. The product appears to be well suited to thdiegiionin mostinstances

as the return rate is less than 1 in 50,000. However, it appears that in some cases a

20



combination of factors encountered by the couplings is sufficient to cause them to

break.

A single broken connector may allow water to escapehecked, and may result in
thousands or tens of thousands of dollars in damages. The component sold by Colder
generates only tens of cents in profit. This is not a unique situation for a component
manufacturer who supplies products incorporated intoma sophisticated assemblies

by remote buyers.

Many such cases have been heard and decided upon by the courts. There appears to be
a general precedent in most states that the designer of a system is obliged to ensure
that the overall system as sold idador use

It would be unjust and insufficient to impose liability [against a

component seller] solely on the ground that the manufacturer of the

integrated product utilizes the component in a manner that renders the

integrated product defective. Impogin liability would require the
O2YLRySyid asStfSN (2 aONHziAYyATS |y2iKSNI
seller has no role in developing. This could require the component seller

to develop sufficient sophistication to review the decisions of the

business entig that is already charged with responsibility for the

integrated product.

Restatement (Third) of Torts: Product Liab8i/cmt. a (1997).

As one court has stated:

Multi-use component and raw material suppliers should not have to
assure the safety [or suitability] of their materials as used in other
O2YLI yASaQ FTAYAAKSR LINPRdAzOG & @ CANRG o
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retain experts in a huge variety of areas onder to determine the
possible risks associated with each potential use. A second, related
rationale is that finished product manufacturers know exactly what they
intend to do with a component or raw material and therefore are in a
better position to garantee that the component or raw material is
suitable for the particular applications.

TellexCordova v. Campbédfausfeld/Scott Fetzger C@8 Cal. Rptr. 3d 744, 747 (2004)

There are many examples of court rulings based on reasoning similar to the abov
references, where suppliers of a component to an assembly were not held liable for
problems with the overall assembly when the component provided was not in itself
defective. For exampleln Kealohavs. DuPont82 F.3d at 90801 Dupont, the

manufactuer of Teflonraw material was notheld for broken dental implanthat were

made of Teflon because it was only a material supplier. Its material has many uses, was
not inherently dangerous, and DuPom&s not the entity that chse to specify the

materialfor the impgant.

InLee v. Butcher Bpg69Cal.App. 3d 375, 38837 (1985), a electricmotor

manufacturer was not liable tthe plaintiff who was injured by a meat grindeirhe

plaintiff hadclaimed the motor should have had an automatic shut ofthanism

However,theY 2 02 NJ ¢l & |+ adl yRIFENRYX a2FF GKS AKSft F¢

different machinesdy many different manufacturersitworked properly, andhe motor

manufacturer did not have input into the design of the meat grinder.
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The isse is broadly addressed Restatement (Second) on Togtg402A cmt. p (1965):
GOGKS YIFydzFF QGdzNENJ 2F LIAI ANBYI gKAOK Aa OF
G2 0SS KStR (2 AGNROG tAlFOAfAGE osKBWitoAd O dzN

which it isfinally made by a remote buygr

Thecourt inKohler Co. v. Marcott®07 So.2d 596 (Fla. Ct. App. 2005), refused
to assign liability to a component part manufacturer under facts very similar to those
presentedin this productsituation. Kohlerwas amanufacture of small engines, such as
0KS dal 3ydzy Hnzé &a2tR (G2 2NAImgitt SljdzA LIYSY
incorporated them into consumerproducts designed and assembled by the OEMs
GSNE AAYALF N I NNI y I $WGsydiOEMLPwha kiifd REMNda a1 £ S

their own assemblies.

Magnum 20 engines weliacorporated into a variety of products, including pressure
washers, go carts, generators, and lawn mowers. Kohler sold the Magnuma20 to
company calledMagic Circle fouse in a riding lawn mower. A lawsuias filed against
Kohlerafter a #yearold boy was permanently injured when his left hand came into
contact with a rotating plastic air intake screen on the Magnum 20 engine of a Magic

Circle riding lawn mower. Thetating screen was not covered by a protective guard.
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Evidence showetagic Circle knew that a guard was available to cover the
entire engine bore housing, including the plastic air intake screen. Magic Circle
unilaterally decided not to install theugrd, however, because it believed it was not
needed. Kohler did not review the design of the lawn mower for safety and did not

issue an opinion on the need for a guard.

On those facts, the Court held that Kohler had no liability. The Court noted that

Kohler designed a generic engine that can be used in various applications.

Depending on the particular application and the ultimate placement of

the engine in the final product, a guard may or may not be necessary.

¢KS Sy3AyS ol arya8t WRSFERIRZWSNAYSR SEI
designed to operate. As the engine was not defective in itself, it would

be unjust to hold Kohler strictly liable where it was Magic Circle who

designed the final product, integrated the engine into this product, and

determined that a guard was not necessary due to its own design. It only

makes sense to place the burden of scrutinizing the final product for

safety on the OEM because it is this entity which designed and developed

the final product.

Id. at 598.
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Asin Kohler,CPGuppliesa component that thdilter manufacturer couples with
other components to produce a final product. GR@s not havenvolvement or input
into the design, acquisition, or manufacturing of the other parts that make up the water
filter kit. Although Kohler made the component that caused the damggke engineg
the court held that it wasiot liable for that failure beaase Magic Circle was responsible
for making sure the engine was nd&ngerous or prone to failureithin the particular

finished product at issue.

Similarly, everin caseswheré t /| Qa O2 dzLJ A YrapeybearOriodzZNS R / t /
responsibility because thenus is on th@OEMwater filter manufacturer to ensure that

the coupling will functiorsafelywithin the finished product withoutisk of failure due to

the use ofthe finished productn light of theparticular demands of the environment in

which it willbe used.

That said, thouglhegal precedent offers Colder a solid defenisés not immune from

from lawsuits, or even from subrogation claimBhe subrogation business is viewed as a
strong profit center by insurers, and claims are often pursued orttimnest of

technical or legal justification. The costs involved in responding to cases, even when

they are baseless, is still profound.
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As a result of the costs of responding to liability clairhs, gotential liability to profit

ratio for the Ametelproductis large and as sales decrease as new generations of filters
avoid the need for external connections, that ratio approaches unity. hHssreated a
strong interest within Colder to understand the true cause of the breaks occurring in the
field and whethetthey imply a defective design, as well as being able to identify the

mechanism of failure of any given returned component.
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Literatu re Review, Material Properties of Acetal

Acetal history and development

ThenameacetalA & NR2GSR Ay (GKS LRfeaYSNRa tAy(1l3S

repeating molecular unit inraether rather than ester bondRusseB. Akin, 1962, p. 1)
Many acetalsre possibleas the name does not distinguish the nature of ther.
Examples include polyvinyl butyral and polyvinyl forrtiRussel B. Akin, 1962, p. 1)
However, in industryaceal resins generally refer to polyoxymethylene (POM)ich is

marketed with both homopolymer and copolymer varia(® J. Barker, 1970, p. 3)

t2f @YSNER o0l aSR 2y T2NXIf RSKE&RS Hehtde 0SSy
were first reported by a Russian chemist named Butlerow. The German chemist
Staudinger conducted extensive research into addition polymers of formaldehyde in the
period between the first and second world wars, and this work was the basis for the

production of commercial resins in 195®rice, 1970, pp.-2)

POM is a polymer based on formaldehyde,GQHbr trioxane, its cyclic trimgiPrice,

1970, p. 1) The structure of fanaldehyde is shown iRigure8:
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Figure8: Chemical structure of formaldehydéChemfinder, 2008)

Formaldehyde is produced commercially by the oxidation of methanol or of other
hydrocarbons. If hydrocarbons other than methanol are used, additional refining
becomes necessary as additional products are produd&tice 1970, p. 12)Once
formaldehyde is formed, it has a strong propensity to polymerize unless maintained at
high temperatures or unless it is mixed with stabilizéisice, 1970)Formaldehyde has
many applications, including cleaners, disinfectants, explosives, cosmetics and
fertilizers, in addition to its use in resin productidRrice, 1970)

(Price, 1970, p. 12)

The gap between the early work on formaldehyde polymers and the development of a
useful commercial resin is generally traced to the difficulty in obtaining formaldehyde of
sufficient purity to produce chains of appropriate length, and with the diffycaf

stabilizing those chains to prevent depolymerization once they had been for(8ed.

Barker, 1970, p. 22)
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POM acetal (which will in this work be refered to interchangeably as either POM, the
correct polymer nara, or as Delrin, theommercial name for thenaterial actually used

in the product or simply as acetal, as it is known generically in the plastics industry
(Price, 1970, p. 1)is a material with long, unbranched polynahains that crystallize
well upon cooling from a molten state, and have high degrees of stiffness, toughness
and chemical resistancéRussel B. Akin, 1962, p. Zhe unbranched chains crystallize
to an uncommorextent- homopolymer acetal hasrystallinity between 785%

depending upon thermal historyC. F. Hammer, 1959, p. 172)

Acetal resins were first commercially introduced in 1956, commercial scale production
began in 1959, and a copolymer version was introduced by the Celanese Corporation in
the early 1960s. Commercial scale production occurred in 1959, and a variety of pape
written by scientists at Dupont were published that same year. Several patents were
granted related to the production and chemistry of the nevaterial however, the

Celanese Corporation nevertheless released their own version afdbtal materialin

copolymer form, in 1960(Price, 1970, pp.-2)

The version of POM developed by Dupont, marketed with the tradename Delrin, is

shown below irFigure9.
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Figure9: The chemical structure of homopolymer acetalote the regularly repeating @ bond along the chain,
terminated in methyl groups.Image from(Patel, 1993, p. 46)

The structure of the copolymer variant is showrigurelO.
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Figurel0: Schematic of the chemical structure of acetal copolymer. Note the presence®©f@nds; these can act
to arrest polymer degradation, given the highenthalpy of the GC bond. Image fronfPatel, 1993, p. 46)

The difference between acetal copolymers, like Celcon and Hostaform and
homopolymers like Delrin lies in the chemical structure of the polymer chain. The
homopolymer backbone is comprised entirely e©D®onds, with little to no polymer
branching. The copolymer, however, contains sor lidbnds while remaining
unbranched. The addition ofC bonds, which are more chemically stable tha@ C
bonds, resultsn a material with slightly better chemical resistance and better resistance

to thermal degradation, as the-C bonds serve to arrest chain cleavage caused by
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several different solvents and heat events. This difference also offers processing

improvementsas well as property improvements for meldiarticles.

However, the norregularity in the makeup of the polymer backbone prevents the same
degree of crystallization as in the homopolymer variant. As a result, the homopolymer
has greater short term stragth and rigidity as well as a higher melt temperature and
softening point. As a result of these different structures, there are differences in
properties between the two chemistries, however, those differences are fairly small.

(Price, 1970, pp.-20)

Table2: Properties data for two commercial grades of acetal resin, one homopolymer and the other copolymer.
The homopolymer represented here is Dupont Delrin® 500P BK602 and the copolyme2ig Tic / St 02y adpnu @

Property Copolymer Homopolymer
Elongation at Yield 10% 14%
Method ISO527 ISO527
Yield Strength 9570 PSI 10,300 PSI
Method ISO527 ISO527
Elongation at break n/a 25%
Method n/a ISO527

Tensile Modulus 400ksi 450 ksi
Method ISO527 ISO527
Heat Deflection Temperature (264 PSI) 214F 205F
Method ISO751/-2 ISO751/-2
Notched impact (izod) 5.7 kd/nk 8.0 kJ/nt
(Room temp) ISO180/1A ISO180/1A
Unnotched impact (Charpy) 188 kJ/ni 180 kJ/mi
(Room temp) ISO179/1eU ISO179/1eU
(Ticona/Celanese Corporation, 20@Bupont Engineering Polymers, 2006)
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in industrywith a vague meaningOne of the better precise definitions found in the

literature is the following:

Engineering plastics are those which:

a.) Are among the strongest of thermoplastic materials, where the term

GadiNRPy3dé NBFSNR (G2 GKS F2fft26Ay3 LK
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high mechanical strength under conditions of both steady applied
loads and sudden impact loads.

b.) Their physical properties have been thoroughly evaluated and are
presented in a form acceptabbes design data for engineers.

c.) They find their major markets in the field of mechanical engineering,
replacing other materials, usually metal, in load bearing applications

(Price, 1970, pp.-8)

This delineates atal from commaodity resins, which may have inferior properties, but

are nevertheless suitable for less demanding applications.

From the earliest uses in the first two years after commercial availability of the first

POM resin, the material found wide useapplications as diverse as bearings (replacing

32
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steel), fan blades (replacing steal)jve sprockets in agricultural equipment (replacing
cast iron)and sliding surface carriers in copy machinksaddition to these

applications, early literature indates that from the very introduction of the resinhias
been used in plumbing fixtures, from water softener valvepump housings and
impellers to swimming pool treatment systen{Russel B. Akin, 1962, pp. 1684) In

the late 1960s, roughly 14% of the 18,500 ton annual usage of acetal was used in the

plumbing marketplace.
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Material Characteristics, Processing, and Shortcomings

Key properties for the resin include its combination of strength and temperature
resistanceaven in wet environments where nylons would be unsuitable, and the
excellent creep and chemical resistance properties that polycarbonate lacks due to its
amorphous structure.These were key advantages of the material early in its lifecycle.

(Russel B. Akin, 1962, p. 6)

These properties areelatedto the uniquely high crystallinity of the material. The
volume fraction of crystalline material in acetal is particularly high (~80%).isThis
responsible foseveral notable properties

1.) Resistance to chemicalshére are no solvents for acetal at room temperature,
and very few at temperatures up to 100C. Further, when the polymer itself
dissolves liquids, the entire volume of liquid is contained in the aimaup
regions of the material due to the high enthalpy involved in the crystallization
process(R. G. Alsup, 1959)

2.) Friction and Wear Characteristics: Acetal &asry low coefficient of friction
and good wear characteristic3.he wear of acetal gears is extremely low even
against metal mating gears unless the gearset is run at speeds and contact
pressures sufficient to cause heating to the melting point of the ac@{alMao,

2006) This has madacetal it a popular resin in gear applicatiswh as
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window carrier assemblies, washing machine drive assemblies, arcbkstw
bearings.
¢CKS YIFGSNAIf Qa Kthalltkere@iFew antorpHodsyedicng Y S| y
(with their relatively loosely coiledgbymer chains) at the surface, which gives
the material a harder, mortibricoussurface.
3.) High operating temperatureThe melting temperature of homopolymer acetal
resins is approximately 1780C with some melting of very small or otherwise
unstablecrystalline regions beginning around 125C, as evidenced by heat
capacity changegGoodman, 1959)rhis is significantly higher than many other
widely used polymers, such as polycarbonates and nylons, and enables acetal to
be used in higher temperature applications than many resins of similar cost.
4.) Deflection at YieldAcetal has a truly impressive yield straivhile it does vary
somewhat depending upon grade, it is typically in the range e20%.(Dypont
Engineering Polymers, 2006)K A & KI & Ol dzaSR GKS Yl GSNAI
ALINRAY 3 aiaSSt 2 Whisirdsitencelinted defor@ationgsamNdsdetd ¢
in applications where significant mechanical displacement is likely (strain
controlled applications) such as screw threads, and has caused it to be a favorite
at Colder because it does not suffer from excessive stress relaxation when

tightened into place in a rigid mounting.
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These properties are some of the most advantageous, espegidflyy I OSG I £ Q& NBf

low cost (typically ~$3/Ib at high volume.)

Some of the drawbacks of the material include its high shrink (1(B#@ont

Engineering Polymers, 2006yhich can lead to void formation. The amounsbfink is

due predominantly to the large volume change on crystallization from the.niélis

also requires molds to be designed to allow large amounts of material to be injected
into the mold after the initial fill, to continue packing the tool with fresiolten resin to
prevent void formation. This puts some limitations on designs, and can require multiple

gates for some geometries to be manufacturable.

Acetal also shares the characteristics of other crystalline materials in that it may warp or
deflectat high temperatures due to annealing effects, and its crystallinity may lead

42YS Y2t RSNAR G2 Gd02NIdaNB¢é¢ (GKS LINRPOSaa Ay 2
sacrificing material properties. As such, the processes and properties of acetal should

be monitored more carefully than other resins may require so as to ensure that the

parts remain consistent over time.

Injection molding anextrusion grades are available, and blow and rotational molded

articles are also made from acetal. The APC prioalsicssue in this analysis is injection
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molded. The processing windows are comfortable, and the recommended process

parameters are showim Table3.
Table3: Recommended Processing Parameters for Delrin 500P acetal. (Dupont Engineering Polymers)

Parameter Minimum Maximum
Recommended Recommended
Melt Temperature 210C 220C

Melt Temperature (Optimum) 215C 215C

Mold Temperature Range 80C 100C

Mold Temperature Optimum 90 90

Processing Moisture Content <.2% <.2%
Hold Pressure 80 MPa 100 MPa

In regard to fracture properties S f NdipglcQxdsistance varies relatively little with
changes in temperature, however, the unebed Izod impact strength ggeater than
the notched Izod impact strength, which indicates that designs incorporating acetal

should be designed to maximize cornedii. (Russel B. Akin, 1962, p. 7)

Fatigue of Acetal

Fatigue is a common failure mode for both metals and plastics. It occurs when cyclic
stresses of less than the yield or ultimate strength of a material cause the nucleation
and/or the advance of a crack. However, metal and polymer fatigue are differd¢mai
different mechanisms are responsible in each material class. In metals, fatigue may
operate through the advance of dislocations through the material, and crystal structure

has a significant bearing on the fatigue characteristics of the materiaenhi
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crystallineplastics dislocations do exist in that there is such a defect in polymer crystals,
but dislocation motion is not responsible for fatigue because polyrasismetallic

bonding which is required for dislocation motiorinstead, in plstics, fatigue is often
related either to heat generated through mechanical hysteresis or due to material

damage, such as chain cleavage or pullout.

A further distinction from metal fatigue can be drawn in that, for metals, a significant
portion of the fdigue life is spent in crack progression. That is, stable crack progression

I O02dzytia F2NJ I adzadlydAlt LISNA2R 2F (KS
propagation is often a much smaller portion of the overall life of the product.

Therefore, may of the key insights of fracture mechanics, which is largely concerned

with the mechanics governing the advancing cnaay be of little use for plastigsthe

majority of the damage tohte materialoccuss before the crack becomes apparenn

many cass, the process of crack initiation may consume 95% of the fatigue life of

polymers.(Roel P. M. Janssen, 2008)

Early research into the fatigue of polymers in general, and acetal in particular, made
clear that the mechanism&sponsible for fatigue were different between polymers and
metals. The loss compliance, a measurement of the internal damping characteristics of
polymers was oparticular interestM.N. Riddell, 1966) This material parameter,

defined as the ratio of the strain 90 degrees out of phase with the applied stress
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compared to the applied stress, served as a predictor of whether a material would have
an endurance limit. Loss compliance, in effect, is a omeasent of the amount of

energy created by the applied stredsarly efforts indicated that the variance of loss
compliance with temperature and the tendency to create local minima at different
temperatures was responsible for whether a polymer would ldig@an endurance limit

or not.

Thermal Fatigue:

Schematically, for heat dominated fatigue (typically at high frequency), the strain of the
material in response to applied stress generates heat. The generation of heat tends to
soften the material andhcrease its loss compliance. For some polymers, this increase
in loss compliance with temperature is monotonic. For these materials, continued
straining will continually increase the temperature of the material which will continually
lower the loss comimnce, leading to a vicious circle. Such materials wlibbjathermal
fatigue, as the damping of the material is capable of heating the material through its
glass transition temperaturefor other polymers, the loss compliance is not monotonic,
and Iacal minima may exist. In a local minimthe strain heating will result in a

reduction in loss compliance and an equilibrium may be established. Such materials,

(e.g. PMMA, TFE) display endurance limits.
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In this application thermal fatigue is unlikely play a role for several reasons. First, the
application temperature is far below,For POM(352°HDupont Engineering Polymers,
2006). Second, the sources of possible fatigue loading are not high frequency
phenomena Tl only events which may cause such loads are physical handling from
installation (~once every six months), water hammer from the refrigerator (~ten times

per day), and water hammer from other fixtures (~thirty times per day). These events

are too widely aspersed in time to allow significant heat buildup. Third, the part is kept

in a temperature moderated environmen#gain, this limits the ability of heat to build
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specified has a 10cycle endurance limit at 5,000 PBficating that it is not especially

sensitive to fatigue stresses.

Mechanical Fatigue

If fatigue is a sigridant issue for the product, the parameters of the application indicate
that it would notbe thermal fatigue, but rather the type of fatigue caused by
mechanical damag® the microstructure of the materialRather than being rooted in
local melting of the plastic, physical damage fatigue is rooted in damage to the

microstructure.

Broadly,it is known that mechanical damage related fatigue does octhe state of
the literature in dealing with such damage is not tremendously far advaniced.

particular, he early stages of such fatigue cracks is poorly understood. At the
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nanometer sizeegime, the cracking process is likely a blur between cbameactions
and conventional crack propagatiofheoretically, the picture of a homogeneous body
under stress has been used, with chemical bonds breaking in random locations.
Stochastically, somregions of material will experience higher levels of bbnebking,
which increases stress in those areas, resulting ultimately in the creation of
submicrocracksr crazes.(Zhurkov S.N., 1969)he bondbreaking portion othis

regime appears to have eluded observation to this paoirtime, however, a notable
paper(Jones & Lesser, 1998 s observed the initial distribution of submicrocrazes, and
their progression into microcracks and crazebeveupon a Paris law relationship

appears to prevail.

Figurell: Scanning electron micrographs showing fatigineluced crazes in polypropyleneBoth polypropylene
and acetal are sernirystalline polymers, so analogous behavior is likelfthe samples have been prepared and
etched to reveal spherultitic structure. Note that the crazes do not orient with respect to spherultic features.
(Jones & Lesser, 1998)

41



After initial coalescence of broken bonds into crazes, crazes themselves accumulate, and
ultimately coalesce themselves into larger crazes and cracks. Throughout this process, it
appears that spherulitic morphology has limited effedtse cracks and crazes form with
orientations determined by the stress on the sample rather than the orientation of the

spherulitic lamellae (see imageshigurell.)

Undercreep loading the formation of microcracks and crazes appears to accumulate to
a saturation level which is independent of load until final fracture. Furtherkithetics

of the accumulation of these defects appears to be closely relatettdep kinetis.

(Zhurkov S.N., 1969 fatigue loading, a similar damage phenomenon appears to
occur, with crazes in isotactic polypropylene coalescing into larger crazes. Further, the
tip of the craze region is an area of stress comicgion, which tends to facilitate craze
growth upon further loading, as well as initiate crazes on adjacent planes in the local
material. (Jones & Lesser, 1998)his indicates a similarity between the creep and
fatigue failre modes and implies discerning between the two is not straightforward

because both result in the same kind of material damage.
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Figure12: Transmission optical micrographs at different cycle counts. Image A taken atyides, B at 2 xT0
cycles, C at 4 x i@ycles, and D at 6 x I@ycles. Image E was taken at’®Ifycles, with dashed line highlighting
coalescence of adjacent crazes. Image F was taken at 6 burGat higher magnification showing stress interaction
between crazes. Scale bars indicate 100 um. All originatedames & Lesser, 1998)

Creep of Acetal
Polymer creep is the result of the viscoelastic nature of polymers. In amorphous

materials like polycarbonate and polyBie, the phenomenon of fatigue can be

understood in terms of chain slippage and disentanglement. In the case of
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semicrystalline materials such as acetal, creep must be understood in a way that
captures the effect of the cryslline regions of the materlaand how that differs from

the effect of the amorphous regions.

For the purposes of creep, a semicrystalline polymer can be viewed as a two phase
system, almost like a composit8chultz J. , 1984Yhe nature of the compsite

structure varies considerably with processirig.particular, the thermal history and

flow characteristics of the molten material have a significant impact. Both of these sets
of variables are related to mold design for the specific part being derexl.

Generically, howeverhis structure can be most easily understood in terms of distance

from the walls of the mold used to produce the part.

First, it is important to note that the mold walls are generally much cooler than the
plastic resirbeinginjected. As plastic fills the mold, the material which flows out from
the melt front and makes contact with the mold wall begins to cool very quickly, and
this cooling effect causes rapid crystallization at mangny sites. Further, the flow of
molten material generats shear, which causes fibril nucleation parallel to the flow
direction. This leads to a uniform crystal orientation in the material at this d¢ptlSs.
Kati, 1982)So many crystals are created that growtbreg the plane of the mold

surface is extremely limited. The only direction with amorphous material available for
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This results in a highly oriented skin near theface of the mold.

Deeper in the wall section, continued growth downward of the material in the skin
occurs. Fresh melt continues to flow past the frozen skin to fill the remainder of the
cavity and this material mbove the glass transition temperatiand does not
immediately crystallizeAs the cavity fills and this flow of fresh molten material stops,
the molten material begins to cool and crystal lamellae from the skin are able to grow
into this region. However, the absence of flow at this painthe injection cycle

removes the cause of the orientation effect seen when the skin was forming. The
crystal structure in this portion of the section retains the growth direction of the skin
(downward) but will have the normal twist afpolymer lamella. Full sphereulites do
not develop in this region, which is a transition region between the highly oriented skin
on the surface and a more isotropic mass of material near the core. This transition

z
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The thirdregion of the wall section is in the core of the material. Here, crystallites may
nucleate spontaneously, forming full spherulites. In this region, spherulite growth is
competitive with growth from the transcrystalline region. The #aregions are shown

schematically irfFigurel3.
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Figurel3: Image showing the three regions in an injection molded semicrystalline polymerom(S.S. Kati, 1982)

The local strutire is different in each of the three regions. However, in each of them,
both amorphous and crystalline material is fourfelrther, unlike in other twgphase
systems such as precipitation hardened metals, the two phases do not only bond at
phase interfaes, but there are a number of continuous polymer molecules bridging
between the crystalline and amorphous regio(Schultz J. , 19884)pon straining, these
molecules may do three different things:

1.) Break

2.) Be drawn out of the crystal(s) they are a part of, creating fibers

3.) Cause shear failure of the crystal(s) they are a part of
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Figure 14: Graphic showing two spherulites and the amorphous regio

between them. As drawn, a loadh the vertical axis is shifting the
lamellae, breaking up the structure of the spherulites. (J. SchultZ2.989

The behavior which dominates appears to varth the number of bridging mekules
present in a sample. When few molecules tie the different regions together, the load is
concentrated over a smaller number of bonds, and breakage is more likely. When
incrementally more molecules are present, sufficient stress may exist to draeriada

from the individual lamellae in a spherulite.
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An example of the drawing effect in a thin film specimen of POM is slo®igure15.
This image shows the effect of drawing a multilayered POM crystalling @loil,
Patel, & Patel, 1974)This experiment demonstratedahdeformation can case
bridging chains between two crystal arrays to draw material out of the crystals to

accommodate deformation of the bulk.
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Figure 15: A crystal multilayered from spiral growth was fractured through deformation of 100% in the
direction indicated by the arrow. (Gohil, Patel, & Patel, 1974)

49



When yet more bridging molecules are present, rather than causing the drawing out of
material, the strength of th@olymer backbone&onnection between spherulites, or
between spheulites andthe amorphous statenaybe stronger than the crystalline
interactions holding the lamellae in place within the spherulite. This can cause
crystalline material to deform or shift within the spheruli{&chultz J. , 1984 graphic
showing this concept is shown kiigure14, and in fact this type of fracture can be seen

along with fibril generation ifrigure15.

In both creep and fatiguall three mechanisms may be active. Which predominates
appears to be influenced by thermal history, load rate, load magnitude, and
temperature, among other varidés. In this application, all but the thermal history of
the components is uncontrolleand unknown further complicating the present

analysis.

Because the result of both creep and fatigue is to generate microcrazes and cracks, it is
to be expected thathere is some interaction or overlap between the two phenomena,
with both mechanisms ultimately entangling under some loading conditions. The
relationship between time and loading for viscoelastic materials makes the two damage
mechanisms difficult to dentangle for polymeric materials. It can thereddre difficult

to determine which kind of loading was responsible for a given part failure after the fact

if the load condition is unknown. Yet, being able to determine if a part failed due to
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creep loadig or fatigue loading would be very valuable for forensic failure analysis. In
order to discern betweemechanisms, parts with known load histories were fractured
and their surface morphologies analyzed by SEM. This work is discussed in more detalil

in the fractography section.
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Loads In Service
When the coupling is in service, several sources of loading are possible. These sources

include mechanical bending, internal pressure, and mechanical tension. In order to
determine which mode of failure may loperative on the part, it is useful to analyze
each potential load source in order to determine the state of stress the part may

experience in service.

Working Pressure:
The maximum rated pressure for the APCesedonnectors is 125 PSI. The maximum
rating of the filters used in this application is low860 PSI, due to the limitations of

plumbing codes.

This fluid pressure acts to separate the insert and body portions of the coupling. The
two components are held mated together by the clip (thumbtgtavhich secures an

insert to the body, transferring any pressure related forces to the body ears which retain
it. Itis these ears which break in the cases being considered in this analysis, which

makes the effect of pressure an important parameter ¢msider.

In order to determine the effect of typical pressures on the connector, FEA analysis
using the Algor V. 23.1 software was performed. Both 40 PSI and 80 PSI equivalent
forces(7.2 and 14.4 Ibsyere applied to a simplified APC body component to determine

the stress in the clip ear®Outputfrom the analyses ishow below.Note that these
52



analyses were conducted using elastic simulation only, resulting in higher than actual
stresses. Note aldbat all FEA images use the same stress scale, shown in expanded

form inFigure16.
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Figure 16: FEA analysis of the connector. Frame A shows a 40 PSI simulation. Frame B shows a 40 PSI
simulation from the interior of the clip slot, with the clip suppressed to allow a view of the stressed material.
Frame C shows the same part with an 80 PSI simulated pressure. Frame D shows the 80 PSI simulation from
the interior of the clip slot, with the clip suppressed to allow a view of #hstressed material. All frames use the
same color scale for stress, expanded to the right side of the figure.
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Water Hammer

As calculated above, the maximum possible pressure the filter assembly could
encounter due to water hammer effects would be 385 PSI. This level of pressure was
also simulated using the Algor package. Results are shown bblote. however, that

this presure would be mitigated by the
presence of thdilter housing and its

ability to absorb volumetric fluctuations

caused by water hammer. Indeed, in its
own testing General Electric, one of the

filter manufacturers performed water

hammer testing on samplesf these

Time: 15
Time Step: 40 of 40

Makmum Value: 10107 7 Ibu(in2)
010 in omz o7

Minimum Yalue: 4.26336 Ibtiin"2}

Figure 17: Simulated effect of water hammer to 385 PSI parts, and they were found to pass.
pressure.

Given the limitations of the simulation,

it is possible that the stresses calculated
above are simply inaccurate. However,
they may still be of use in terms of
enabling a comparison of the different

loading senariosgeven if the absolute

resultsdo not agree with experiment.
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Time Step, 40 of 40
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Figure 18: Simulated effect of water pressure to 385 PSI.
Clip suppressed to allow view of stress levels at interior
surfaces.
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These FEA analyses must be interpreted in light of experimental data, such as that
reviewed inFigureb, which showed that the parts analyzed can bear a load of ~1960
Ibsf before failure occurs in a short term testong term testing has shown no evidence
of cracking despite three months of loading at 60 pounds of fofidee 80 PSI simulation
shown above was conducted with a load of 14.4 pounds (calculated prefssuee
equivalence based on cross sectional area and hydraulic pressure) and shows a stress
approaching 7000 PSI at the bottom of the ear, where fracture is expected to begin.
This is ~70% of the published yield strength of the Delrin material used te thalpart.
The water hammer analysis shows considerable portions of the ears at high levels of
stress, but experimental results have shown that these parts takei@es the

simulated pressure load before failure occuBecause experimental evidendaosvs

that loads up to ~14x larger than the simulated load are required to break the part, it is
clear that the simulation isat closely correlated with reality and are not suitable for a
meaningful or accurate engineering analysis of the part design.dé@jparture between

the simulation and reality is likely rooted in tledasticity model used in the solver, the
complex geometry of the part at the location of maximum stress, inaccuracies in the
way the load is transferred by the software from the clighe ear, and the absence of

the insert half of the connection in the model.
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These simulations may be useful for comparisons between different load conditions, but
cannot be relied upon for an accurate understanding of real stresses in the part at any
given load level. They will be used to compare the effects of pressure and water
hammer to bending moments only, and no absolute values of maximum loads or

stresses should be inferred based upon the above comments.

Bending Moments:

The use of copper tubgqwith the water filter offers an opportunity for additional stress.
While both copper and polyethylene tubing can be used in filter installations, the use of
copper appears most common in returned assemblies. The compression fitting used to
mate eithertype of tubing works by inserting the tubing into the termination of the
coupling, then using a threaded nut to compress a ferrule between the tubing and the
inner diameter of the thread wallFigurel9 shows how compression joints are

assembled.

57



Figurel9: The three stages of tubing installation into a compression termination. The copper tubing is inserted
into the termination (note thedisappearance of the black region) and a soft plastic ferrule is compressed between
the tubing and the inner wall of the termination, forming a seal.

The rigidity of the copper tubing allows the transfer of mechanical loads to the coupling.
A large propaion of returned parts show evidence of cracking in the thread region. It

is believed that these cracks are caused by bending moments transferred to the plastic
by the copper tubing inserted into the ID. A bending moment applied thusly would
result in asignificant hoop stress at the edge of the plastic thread. Indeed, the cracking
observed is confined to one side of the thread in all cases, which appears consistent
with such a loading scheme. The only likely alternative explanation for the cracking is
general overightening of thpint, however, were this the cause, the cracking would be
expected to occur uniformly around the circumference, and not only along an ~180
degree arc.Figure20 shows an optical micrograph of the termination cracking

phenomenon.
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Earlier, the effect of water hammer was mentioned as a possible cause of breakage.
These fractures, while they are not associated with loss events, previdence that

water hammer is not a factor. This region of the part is relatively insensitive to

pressure. While the ears may be stressed significantly as pressure spikes act to separate
the insert and body halves of the connection, this region is redbtiunaffected, yet

fractures anyway in a large number of losses. Further, no such fractures have been
observed in the larger diameter wall sections of the body or insert components despite
their geometrically larger pressure sensitivity. Were water hanendominant cause,

this associated fracture mode in the thread ought to be accompanied by other

associated fractures elsewhere in the assembly.

It is also of interest to note that the region of interest in confined on all sides by
relatively rigid mateials- the OD is jacketed by the threaded nut, the ID is buttressed by
the copper tubing, and the end is being compressed by the ferrule. The material
surrounding these cracks has relatively little room for ladggplacement plastic
deformation to occur.However, creep fracture of POM has been observed even when
relatively little plastic deformation occurreds little as 3%ncrease in overall length of
the sampleat 18MPa for material with a molecular weight of 41 kg/n{Glhristopher

J.G. Plummer, 2000Y his is much lower than the elongation at yield for the material in

tensile testing shown ifable2.
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Non-Valved Body

Cracks on one side of P .

thread wall indicate SE  Pen marks
bending forces applied |

by inserted tubing

Figure20: Optical micrograph showing cracks in the thread wall of a haived APC

product used in the water filter application. Cracking along one half of the circumference indicates bending loads
were applied to the tubing and transferred to the coupling. Hadler tightening caused these cracks, they would

be expected to occur around the whole circumference.

Bending moments are considered by Colder to be outside the design scope of the
majority of its productsno ratings for bending have ever been formulated o

determined to be necessary as couplings are not intended to bear mechanical loads.

The effect of pressurkas been accounted for in the design of the coupling, and a
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gererally designed for use with flexible plastic tubing, seigid, bendable copper
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tubing of the type used in residential plumbing may contribute additional stresses that
would stack with normal (that is, accounted for) operating stresses.

Photos of filtes asinstalled are occasionally sent to Colder along with claim packets,
and in some cases these images indicate that significant possibility exists for-tubing

imparted stressesr other unanticipated applicationg=or example, considéfigure21,

Figure22, and Figure23.

Figure21: Photograph of a return where the filter was plumbed with copper tubing and was unsupported. As the
tubing stiffens over time due to cold work the bending forces producedl continue to increase.

Figure2lis a typical installation with copper tubing. Note the copper inlet tubing
leading to the filter on the left side of the imagés the refrigerator is pushed back into
its position against the wall, that piece of tubing must bend to accommodate it. The

tubing will act as a leaf spring and apply a bending moment against the filter if the filter
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is positioned to resist that defornti@an. The stiffer the tubing and the more it is bent,

the greater the bending moment and stress level on the plastic.

Figure22: Photo of a filter installation where braided tubing was used and the filter appears to be unsupgzbrt

Figure22is an unusual installation. It involves braided tubing, which is generally used

on sinks and washing machines, but is not included in the water filkey/miz¥ I O (i dzNB N &
instructions for installation. Indeed, this kind of tubingften not evencompatible

with a compression fitting, which means somedifications or adapaters mayave

been used in the installation. The nature and delicacy of those matilifits is

unfortunately unknown, and may have played a role in this failure.
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Figure23: Photo of a filter installation undegsink. The kind of tubing used is unknown, but this filter was
plumbed with hot rather than cold wate, and was an inlet filter to an "instant” water heater.

Figure23 shows an installation under a sink. This is not an installation method
ARSYGAFTFASR Ay (GKS FTAEGSNRAa AyaulttladAazy Ay
was improper. The filter was plumbed in line not with a refrigerator, as designed, but in

line with an instant on water heater for a kitchen sink. The filter was plumbed with hot

water, not cold water as the filter manufacturgritended In addition, it is installed in a

location even more cramped and inaccessible than behind a refrigerkttier changes

could require even more movement and deformation of the tubing, leading it to

become harder and stiffer after fewer changes. This would lead to greater bending

forces.
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In order to attempt to quantify the level of bending moment that imidpe imparted by
tubing, an apparatus was constructed to facilitate torque measurements. While more
sophisticated measurements are surely possible, part of engineering is improvisational.
A torque wrench was fixtuitto a flat surface, and to the wrenahas fitted a variety of

copper tubing assemblies.
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one port of a brass compression fitting elbow. The opposite port was fitted into a

socket installed on the torquerrench. The copper tubing was then bent between

positions consistent with a filter being pinned between two flat surfaces, such as

between a rear grill on a refrigerator and a wall, and a position which magtieaed

when a refrigerators pulled awayrbm the wall to allow access.

For each cycle, the torque registered at the wrench for the outward and inward strokes
were recorded. A total of 19 cycles (outward and inward strokes) were performed.
Three different copper samples were tested in thisrmer. Two were from a

commercial product purchased new, similar to what new installers would have available
from conventional sources. One sample was from an industrial supply house which was
noticeably harder and stiffer, though whether such differenaes due to alloy

composition or cold work history is unknown. While such considerations may seem
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important from a scientific point of view, it is worthwhile to realize that the material
selected for use with the filter assembly in the field is outside & f RSN a O2y i NP f
together, as is the method of installation. Therefore, striving to achieve greater levels of

precision in material specification in experiment than is possible in the field is fruitless.

Instead, the goal of this experiment wasdetermine an approximate rage of torques
which may be encountered in the application. The results of the experiment are shown

below inFigure24.

Torque Values Achieved by 12" Copper
Tubing
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Figure24: Plot showing torques achieved by bending lengths of copper tubing to approximate effects of filter
replacement.
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The experimental apparatus is shown belowigure25. In that figure, the two pieces

of soft copper are shown after their cycle tests have been completed. Note the
different shapes of each of the samples. The lower sample, with the mor@pnced
curve, was soft sample #1. The upper sample still fixture in the apparatus is soft sample
#2. This is likely due to slight differences in the way the sample was bent back against
the hard stop in each cycle, compounded over time, which led to Wwardlening in

different areas of the material. Again, this variability is of concern from an absolute
point of view, but considering the application, when no controls whatever are imposed
upon the way the tubing is bent, it is apparent that these condgiare in our favor in

that they demonstrate a degree of stability. The two sets of measurements for these
pieces are rather close to one another, which indicates insensitivity to the specifics of
the bending conditions. For our purposes of definingdgpachievable torques, these

data are adequate.

After cycling the hard sample over the same stroke as the soft samples, the part was
reversed in the fixture to bring the opposite end of the tubing into the fixture. This
allowed the same part to be usadice, given that additional samples of this material
were not available for evaluation. The opposite end of the sample was similarly cycled,
except across a greater travel, bringing it repeatedly to the point of kinking. This was
believed to allow detanination of the maximum achievable amount of torque the

tubing would withstand beforgross plastic deformation would limit the transference of
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additional force. In this experiment, the maximum aciei@ level of torque remained
40 inlbs, indicating thatfor the harder of the two tubing types available) #lbs

appeared to be the maximum load that a part could be expected to see in service.

Given that bending moment of ~180-ims will break a connector at the thread40 in
Ibsis not a force to be dmissed, either in terms of a cause of creep loading, or in terms
of establishing a baseline level of stress upon which fatigue loads from pressure or other

forces would stack.
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Figure25: Photograph showing torque measurement apgadus. The torque wrench is fixed, and the tubing is bent
back and forth against the movable hard stop. In this case, the stop is in the outward stroke position.
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Time: 15
Time Step: 40 of 40
Maximum Yalue: 10143 4 If

Miniraum Yalue: 37,1311 Ibf}

Figure 27: FEA Simulation of effect of interior bending force of

8.5 inrlbs (.95 Nm).
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Figure 26: FEA Simulation of effect of interior bending force of

8.5 inlbs (.95 Nm).

In order to determine the level of
stress that such a bending moment
may generate in the clip groove
region,a Finite Element Analysis
(FEA) was conducted using Algor.
In this analysis, a rigid beam was
modeled inside the inner bore of
the part used in the analyses

above. This beam was simulated

with a force applied to the free
end, imparting a bending force on
the connector. The surfaces
normally in contact with the
thumblatch were considered to be
fixed. Two different torques were
simulated. Both simulated torques

were lower than the measured

values.
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The results of these simulations

indicate an intense stress field

s0s0
a0a0

arises fran relatively small

bending moments. Given that

both sets of images are from
analyses with stresses lower than

that which even the softest tubing

Time: 15

Time Step: 20 of 20

Maximum ‘alue: 10342|

Minimur Value: 60,167}

Figure 28 FEA Simulation of effed of interior bending force of ~ Measured at the earlier points of
155 in-Ibs (1.74Nm).

its useful life could impart, it is

clear that these loads are

040

attainable. The stresses resulting

from this loading are subject to

EEN the same kind of miscorrelation as

I
T ! : was noted in the pressure section
I ]
s | | | Z
- I above. In order to check the
1
Time: 15 Y . .
magnitude of the bending stresses
MaxirnLm Yalue: 10342 Ibf(in"g)
Minimum Walue: 60 1878 IbfA =U465

Figure 29: FEA Simulation of effect of interior bending force of calculated by the dtware to
15.5 inlbs (1.74 Nm).

experimental results, mAPMody
wasconnected to an insert and a rigid piece of tubing was inserted into the compression

termination. This rigid tube &s loaded at a distance of 12 inctiemm the compression
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bore. A force ofL5 Ibs (180n-lbstorque) broke the compression thread from the
remainder of the body. This indicates that thienulation again fails to yield absolute
values that correspond to experimenthis may be due to the stresses being born by
different portions of the body thaare more robust than the ears as well as the issues

with load distribution in the program as noted in the tensile simulations.
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Fractography:

Known Fatigue Samples

Many of the reports submitted to Colder claim to see evidence of fatigue in the fracture
surfaces of returned partsNone of these reports, however, attempts to identify

specific features as being hallmarks of fatiggenerally, a blanket statement is made
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vagueness of these claims led to an effort to determine what a fatigued samplasof

component would lookike.

The POM material used to make APC series couplings is inheremégnely fatigue
resistantowing to its robust crystalline structure and extiepally high deflection at

yield. Intentional fatigue of the APC, however, was found to be possible with the aid of
Bill Mook and Megan Cordil, then PhD candidates in the Gerberich research group at the

University of Minnesota.

By applying a linedorce of 110 Ibs (489 N) at a 1 Hz frequency to minimize the effect of
heat buildup, it was possible to generate fatigue in an exenymar after ~556xycles.
This sample allows fractography of fatigue striations generated under-ayole

regime. Aractograph captured with an optical microscope is shdwgure30.
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Fatigued w/ tensile tester, 110lbs (489N) 1Hz cycle, 5565 cycles to failure
Several Striation crests noted with red arrows
~126x @ scope

.
L]

Figure 30: Optical micrograph of intentionally fatigued exemplar part.

Note that the striations are not continuous across the whole fracture plane. In this
sample, the crack progressed incrementally across the crack leagtbping forward
over a portion of the overall length at a time. Each location of advance formed a
striation. As such, the striations are small and quite localized and only a high i@solut

microscope is able to resolve them.

A sample was also fatigued in the higycle regime. This was accomplished more

GNBItAAGAOFTEE&¢ (K Y ,ivikeNBrdehkilabilkySouttzindke 2 T |

a test of this duration at appropriate fregncies impractical Instead, parts were
FAEGAdINBR Ay /2t RSNDa O0edtsS (Said SlidaALYSyido
pressurized to 120 PSI. Then, each assembly was subjected to mechanical tension

through the use of air cylinders operated by PLC#isiba of ~70 Ibsf was applied at
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frequency of 1HzThismore accurately simulates the effect of water hammer in that
the parts were under steady load from pressure at all times, with momentary spikes in

stress. This loading required oviE30,000cycles o initiate cracks.

Figure31: Photograph showing the fatigue and overload portions of the fracture surface of a known high cycle
fatigued component.

A view of a part that was mechanically fatigued in lddgoratory through over 20,000
cycles is shown iRigure31. Note the characteristic chalky white appearance of the
fatigued region, which transitions to the moratural color in the simple fracture

region. This color difference is not seen in the fractured valved body.
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In addition to the texture in such a higtycle fatigue sample, the appears to ba
transition region where the fracture progresses from a high cycle propagation mode to

an overloading mode, and in that transition region the crack moves in @yole

Striations marked with red arrows
These are at the transition, and are what
low cycle striations look like in this material

Figure 32: Optical micrograph of the transition region of the sample shown irFigure31. Red arrows
indicate the location of striations showing crack arrest during the transition from fatigue into overloading.

fatigue regime that is easier to detedtigure32 shows the striations in such a region of
the sampleThis same part was further analyzed using electron microscopic techniques

to evaluate the surface morphology in the initiationamsition, and final failure areas of
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the fracture surface. Local evidence of fatigue striations was found over a portion of the

fracture surface, identified ifigure33.

i
Figure 33: SEM image of high cycle fatigue sample. Above the red line, evidence of striations was visible. B
the line, striations were not found. Letter references indicate relative positions of subsequent Skage
captures referenced below. Arrows show direction of crack progression in each image.

These two examples, showing both small scale, local eviderfesignie (in the low
cycle regime) and larger striations across the whole sample (in the case of the transition

region in highkcycle fatigue) characterize thell scope of observed fatigue.

The high cycle specimemown inFigure31was further analyzed to determine:

1.) The crack progression as a function of stress intensity.
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2.) Whether the point of final failure coincided with the critical stress intensity

factor for theDelrin raw material.
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Figure 34: SEM images used for crack progression analysis.
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Each of the images shownkilgure34 provided one or more data points for this
analysis. The location of each image on the sample was determined using the

coordinates captured in the SEM data files.

The sample cross section svapproximated as a rectangle. The crack length at the
transition to simple fracture was determined by measurement of the location of the
center of the transition line to the far edge of the sample. This length was measured to

be .0066m, compared to arverall sectional length of 0.0118m.

Each crack growth rate data point was generated by counting fatigue striations
intersecting measured distance lines draw perpendicular to the direction of crack
advance. The overall crack lengths at each data point were determined based on the
coordinatesof the SEM stage when the image was taken compared to the coordinates

of the stage at the point of transition from fatigue to fast fracture.
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Table4: Striation spacing data versus change in stress intensity.

Count of Line length Line length da/dn Delta

striations  (microns) (m) (m/cycle) K
a 0.0066 |9 141.0 1.41E04 1.6E05 1.74
a 0.0066 |5 141.0 1.41E04 2.8E05 1.74
b 0.0066 | 8 133.5 1.33E04 1.7E05 1.76
b 0.0065 | 19 108.2 1.08E04 5.7E06 1.73
b 0.0064 | 18 94.0 9.40E05 5.2E06 1.68
Cc 0.0059 |12 51.4 5.14E05 4.3E06 1.37
C 0.0059 | 54 253.7 2.54E04 4.7E06 1.37
d 0.0049 | 38 98.2 9.82E05 2.6E06 0.97
e 0.0047 | 51 140.7 1.41E04 2.8E06 0.90
f 0.0046 | 23 72.1 7.21E05 3.1E06 1.04
f 0.0046 | 16 65.2 6.52E05 4.1E06 1.04
g 0.0044 | 40 118.0 1.18E04 3.0E06 0.83
h 0.0044 | 35 97.9 9.79E05 2.8E06 0.85

The stress intensity values were determined based on the loads applied to the part
during the fatigue process. At the maximum condition of the cycle, approximately 124
N were applied to the specimen. At the minimum, 32 N were applied. Stress intensity
was calculated based on the equatitfiertzberg, 1996)

o o—

Equation2

where K= is the stress intensity,

Y is a geometric factor based on a and w, and was determined from Hertzbegy7ilo

for each a/w ratio

P is the load applied

a is the crack length
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t is the thickness of the cross section (.00220m for this sample)

W is the width of the sample (.0118m for this sample)

Stress intensity was calculated for each crack length for the maximum and minimum

loads. The difference between these stress intensities is reportédhies.

These results are plotted below igure35 and Figure 39.

Crack Growth Rate as a Function of Stress Intensity
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Figure35: Graph showing experimental crack growth rates versus calculated changes in stress intensity values from
high to low loads during the fatigue loading process. Edelta point is tagged with the letter corresponding to the
image it was derived from.
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0.70 Crack Growth Rate as a Function of Stress Intensity
; ; ; ; ; 0.0001
¢ Steady Crack
Growth
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Crack Growth)
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Figure 36: Graph showing the same experimental data shown iRigure35 but plotted on a loglog scale. A clear
shift in propagation behavior is seen between steady growth and propagation to failure.

Data points from images d, e, f, and h may be impacted by the presence of the void.
However, despite the vdibeing positioned between each of these images, the crack
growth rates do not appear to have been significantly elevated compared to the rates
seen for points from images g and c, which indicates that the void apparently had a
relatively minor (and per tis data, undetectable) impact on the crack growth rate.
Examining the morphology of the fracture surface near the void indicates that the void
was not the crack origin as the direction of crack advance is consistently toward the

upper left in images allraund the void.
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As the crack advanced, it appears that it originated on the inner edge (right side of the

fractured surface) and progressed leftward and upwarea acreased.

The plot shown ifrigure35is consistent with expectations, showing a long period of

relatively constant crack growth across a wide band of @ f dzSax F2tf 26 SR
and sharp increase in growth rat&ome irreglarity is evident in the points from

images a and b immediately preceding final fracture. In part, this is due to the difficulty

2F SadlroftAaAKAY3I Iy FOOdz2NYGS al ¢ fSyaidk RdzS
to the edges of the cross sectiondathe larger crack length compared to the remaining

unfractured lengthW-a.

Evaluating the transition point from fatigue crack growth to simple overload fracture

NBIlj dzZA NER I & KA T wat KRS a faridtion athle lerdgyi af the cvacki 2 Y
a, growing larger as the crack advances until the point of final fracture whegn K

reaches the critical stress intensity of the material. Thext crack lengthagitcal is

therefore the experimental {§ critical stress intensity factor.

Using Equation2 at the crack length at the transitioa=.066m:
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The experimental {is thus determined to be 2.34 MPa*fh This compares favorably

GAGK 5dll2ydQa adl GdSR ONAG ADOporfit EngifieNBg & Ay i Sy

Polymers, 2006)

Thecalculationbased on an idealized rectangular cross sectigrees very closely to

the experimental reality Thepoint of final failure was almost exactly identical to the

one predicted, indicang that the actual cross section of the matemdlich contains

two relatively sharp corners and a corner notch in the middle of the interiordiclhot
appreciably affect the propensity of the part to fracture by fatigue. The formula used in
the calculation above is intended to apply to rectangular sestioihmaterial. The

actual section functioned experimentally like a rectangle.

Plotting the data on a lofpg axis irFigure36 allows the determination of the Paris law

exponent for the equation:
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0t | 0 0
wherea asconstant
DK = the change in stress intensity from the minimum to maximum load conditions
DKy, = the threshold change in stress ingaty required for a fatigue crack to advance in
the material
Kic= The critical stress intensity factor for the material
Kuax= the maximum stress intensity at a given cycle

m = the Paris law exponent

FromFigure36it is clear that the Paris law exponent for this system is approximately

unity. The results obtained from this fatigued sample are similar to those reported for

glass reinforced polypropyler{Alessandro Pegoretti, 1999)n these experiments on
polypropylene, also a serarystalline polymer, the researchers found a similar Paris law
exponent (~lat low frequencies | YR F2dzy R (KIFG (GKS vk L2y Sy
glass fiber content at a variety of frequencies, including those samples tested at 1 Hz,

the load frequency employed here for acetal.
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Figure 37: Paris plots of the stable crack growth regime for glass filled polypropylene(Alessandro Pegoretti,
1999) Plot a) shows data from samples with 10 wt% fglass reinforcing fibers, plot b) 20wt%, and plot ¢) 30%.

i data points were measured at .1HZ®,

data points at 1Hz andgpdata points at 10 Hz.
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Figure 38: Plot showing the crack growth rate as a function of the strain energy release rate for various glass
filled polypropylene samples. Data in set a) are from .1Hz, b) from 1 Hz and c) from 10 Hz frequencid}.

data pointswere from samples with 10 wt% glass?

data points were from samples with 20 wt% glasgpdata

points were from samples with 30 wt% glass(Alessandro Pegoretti, 1999)

86



Known Creep Sample

Load vs. Time for Creep sample rart
100 failure ~
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Figure 39: Plot showing the weight suspended from the creep sample in order to generate the failure. Twice th
polypropylene basket used to hold the weight failed before the part did. When this occurred, the test was re
started after making repairs and modifications to the suspension system.

To facilitate a comparison of surface morphology between fatigued and creep ruptured
samples, a specimen was intentiolyaxposed to long term, high levels of load. The
load was imparted by hanging weights from a coupdC body/insert set. At several
points during the experiment the load was carefully increased in order to generate

fracture in an experimentally viable time period.
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The resulting sample was evaluated using SEM techniques to capture images of the
reaulting fracture surface. Three different zones bearing different morphologies were
observed:
1.) An initiation region, showing multiple planes with evidence of
separation/crazing, with fibers bridging between two opposing surfaces.
2.) A fibrous region of high gsticity showing significant drawdown of fibers from
spherulites.
3.) A region of fast fracture, showing little evidence of plasticity (little drawdown)

with a platelike appearance to the fracture surface.

Figure40shows these three different zones in close proximity to the point of initiation.
Figure41 shows fou images of the initiation zone on the opposite half of the same part
as that shown irFigure40. Note the similarities to the graphic igurel2, which

shows the craze initiation process in a polymer thin film. Here as well it appears that
multiple planes of local crazing coalesce to form a variety of craze planes, before one
becomes dominant and fracture begins progressing more quickly due to the reduction in

bridging molecules in that zor{(&chultz J. , 1984)
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Figure 40: SEM images showing three different surface morphologies near the point of initiation

images shown are of adjacent portions of the same surface.

. The two
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