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Abstract — This is the third paper in a trilogy addressing sheictural life of composite pipes. The first pape
dealt with burst rupture. The second focused ompwakure. The present paper covers strain corrosfgipes
under bending loads. It opens with a discussiohas¥ water and other chemicals can cause straisiornr
rupture. The small water molecules can penetrdtelaminates and strain-corrode pipes under tessi&ns.
Unlike water, the large molecules of industrial mi@als cannot penetrate the laminates and cauam-str
corrosion only in pipes under bending strains. Tilvee to strain-corrosion rupture is obtained byiaddhe
time taken by the chemical to reach the fibers i time the chemical takes to corrode them. Télaythg
effect of the liner is recognized and accounted for

Introduction — Composite pipes display three long-term modes nfctiral failure. Of these, the most
prominent and best documented is the weep modehwhasults from the passage of fluid through crackbe
pipe. Other modes of failure involve pipe ruptuyebloirst or by strain-corrosion. We have developedrges of
three papers addressing each of these modes wfetailhe first paper shows that the long-term biaitire is
controlled by the hydrolytic stability of the glasgith no influence from the resin. The second pabews that
the weep failure is dominated by the glass-resierfinase, regardless of the composition of thesdihers.
The present paper will discuss the long-term rughyr strain-corrosion.

Strain-corrosion is important in designing defleictenderground pipes. The pipes that carry plairewate
evaluated for strain corrosion as described in ASTBIB65. The pipes carrying sewage are evaluatestifain

corrosion in accordance with ASTM D 3681. The nigaaspect of these methods is the high strairsattea
required to complete the test in reasonable titmelsoth test methods, the pipes are subjectedfereint levels
of bending strains while in contact with the coiveschemical. The pipes under higher strains fiagt fand

regression lines are developed to predict the Ingnstirain that ruptures the pipe in the long-tdmboth tests
the deflected specimens fail by strain-corrosion.

1 - The ASTM D 5365 test is performed on defleqigme specimens immersed in water. It determines
the strain-corrosion effect of water on the comwadbarrier. The extrapolated long-term strain fribis test is
known in the industry as Shb.

2 - The ASTM D 3681 test is conducted on deflegiges immersed in a 5% solution of sulfuric acid.
The test simulates the strain-corrosion effectabdsin the corrosion barrier. The long-term ruptatrain from
this test is called “Corrosion Design Basis”, or Ei[n analogy with the “Hydrostatic Design Basiset,HDB
value.

There are four types of strain-corrosion in comgsswhich the engineer should be aware of. They are
e Strain-corrosion of the resin-rich linefThis type of strain-corrosion is known in the fgtire as
environmental stress cracking and is observed wésin-rich liners under tensile strains are plaiced

corrosive chemicals.
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» Strain-corrosion of the UD structural pliegVater is a penetrating chemical that strain-carsoithe UD
glass fibers in the structural plies. This typestrfin-corrosion determines the long-term burgt 6f
pipes under tensile strain. We refer to this lomgrt strength as the Rupture Design Basis, or RDB
value. The tests to measure the RDB value were@peeld by Mark Greenwood on UD rods and are
discussed in the part 1 of this trilogy.

» Strain-corrosion of the chopped fibers in the csiom barrier. This is caused by acid (or other
chemical) that somehow reaches the corrosion bafigipes under bending strains. The rupture igne
obtained by adding the time taken by the chemizgaktch the glass fibers and the time taken by the
chemical to corrode the glass. We refer to the Hemgn strength of the pipe in this situation as the
Corrosion Design Basis, or CDB value. The CDB vasugetermined per ASTM D 3681.

» Strain-corrosion of the outer plieghis is caused by water, since the corrosive etedmnever reach
the outer plies. This type of strain corrosion &kéce in deflected underground pipes that hage th
outside surface in contact with the water in thié 3dne long-term strength — designated as Sb thef
outer plies of deflected pipes exposed to wateraasured by ASTM D 5365.

This paper will address the strain-corrosion ruptilvat occurs when pipes are deflected in contébt acids.
The time to rupture is a function of both the glassposition and the toughness of resin in theosown
barrier. This paper will show that the time to Gasfain-corrosion rupture is obtained by combirthrgytime to
corrode the glass with the time for the acid tosphe resin-rich liner.

Two types of media —This section will put the aggressive chemicals ioper perspective. We define as
aggressive any medium or agent that lessens therpance of the composite pipe. The aggressive aneedi
composite pipes can be grouped in two categories.

1- The non-penetrating chemicals have limited patiag power and affect only the layers next tosbeace.
Examples of such media are the chemicals founchdustrial applications. The slow penetration and th
aggressive nature of these chemicals determindutrability of the corrosion barrier. The corrosslgeemicals
do not reach the structural layers and have nactefia the structural life. However, as shown in thext
section, the corrosive chemicals do affect thecttinal life of pipes under bending loads. Thisfant, is the
essence of the strain-corrosion phenomenon thibevtddressed in this paper.

2 -The penetratingchemicals pervade the whole laminate and reaclpli@$. Water is the most important
penetrating chemical. In fact, the burst ruptur@ipks under tensile loads (discussed in papes d¢termined
by strain-corrosion of glass fibers in contact withter. That concept validates the data generagellidrk
Greenwood (ref 2) from tensile tests on water sadar UD rods.

Resin-rich liners and sacrificial corrosion bamsiare built to prevent the damaging chemicals foomtacting
the structural plies. In some applications (storeges) the corrosion barrier can be replaced deady and
the chemical never reaches the structural pliesases like these the rupture life of the compasitger tensile
loads is determined by the water attack on thesdiaers. This reasoning is not valid if the lamen& placed
under bending loads, as the next pages will show.

Strain-corrosion under bending loads “We open the discussion by recognizing that straimesion rupture,
like all ruptures of composites, is related to detation of the glass fibers. The glass fibers susceptible to
attack by water, acid and alkaline solutions. Wghhiexpect a uniform attack progressing from théase to
the core of the fiber. However, some surface spotthe fibers are more susceptible to attack thhars and
develop local micro cracks. These micro cracks edpander tensile strains and expose fresh surfaces
chemical attack. The localized corrosion conceatran the fresh surfaces grows the crack and eabyteads
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to rupture of the tensioned fiber. This processalled strain-corrosion. By exposing fresh surfatteshe
chemical, the strain-corrosion process causes agemkth under static loads. This finding is so fanental
that we repeat it, for emphasis. The strain-coomgirocess causes crack growth under static |OHuis.
process is unique to strain-corrosion. As a ruéeks grow only under cyclic loads.

Strain-corrosion is a chemically accelerated preadscrack growth in materials under tensile statrains. It
applies to all homogeneous materials like metasins and glass fibers. The strain-corrosion ainsesh
liners exposed to oxidizing chemicals is known grenmental stress cracking and is recognizedheyniud
crack appearance of the surface. As a rule, how#werstrain-corrosion process in composites refesly to
the long-term rupture caused by chemical attactherglass fibers.

To clarify the concept, we consider a thought expent in which a bare (not resin coated) glassrfibeéensile
loaded (a) in air, (b) in water and (c) in acid.€Timare fiber is not embedded in resin and makésdmtact
with the air, the water and the acid. The time§lder rupture in this experiment depend on the sgvef the

environment. In dry air, with little moisture, thiene to rupture is very long. The acid does the tnhasm and
produces the shortest failure time. The ruptureetwh the bare (uncoated) fiber immersed in watls fa

between these two extremes. We now do the sameimgoe with the fiber coated in resin, as in lantgsa
The presence of the resin would give different ItesiThe times to rupture of the coated fiber irntevand in
air would be the same as those observed in thefibare This is because the water can penetrateetsia and
reach the glass that is embedded in it. The cddted immersed in acid, however, would have a rugptime
much longer than that measured on the bare fibd@s i§ because the resin around the fiber retdresatid
penetration.
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Figure 1
Spontaneous cracks from corrosion of E glass expése2 hours to 5% HCI @ 60C. The open cracksdatdi the existence of
residual surface tensile strains. (Courtesy Oweomig)

Figure 1 shows bare glass fibers that have beerersed for 2 hours in a 5% HCI solution at 60C. Tibers
were simply immersed in the acid solution, withexdernally applied tensile loading. The open sw@fexacks
that are observed indicate the existence of reki@duaile strains in the fiber surface. These nesidensile
strains come from the fiber forming process ang tiep explain the spontaneous strain corrosiohdbeurs
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in glass fibers, even in the absence of exterraglplied loads. As we have said, this phenomen&nasvn as
environmental stress cracking when observed imsesi

We know that water is the only chemical that reactie structural plies of the laminate. Chemicacsgs
other than water do not penetrate deep enoughfa@otdhe structural plies. If this is so, we maydode that
the strain-corrosion process is restricted to waterdiscussed in the part 1 of this trilogy. Ttrais-corrosion
phenomenon should never be detected in pipes ngrofiemicals. This is a very powerful argument. \@oy
bother with strain-corrosion?

The above argument holds for composites under pensile, pure compressive or pure shear loads. The
deterioration caused by the chemical under sudfiriga is limited to the outer plies of the laminakbe plies
that are penetrated by the chemical “lose” strattoapability and the penetrated depth may be diteal as
“lost” thickness. This “loss” of thickness is uslyamisinterpreted as loss of mechanical propertiedact, the
aggressive chemical incapacitates only part ofléh@nate thickness, while leaving the rest of taot. The
structural plies that are not penetrated by thenited keep their pristine condition.

The above is valid for tensile, compressive andasheads. Things are different for bending loadke T
difference between pure tensile and bending los@splained in figure 2. The upper part of figurgh®dws that
a composite under pure tensile load will see a mimcrease in tensile strain as a result of thellstogs” in
thickness. This is so because the tensile loadifermly distributed on the entire cross sectiorited laminate.
If left to itself, this process goes on until euglty the thickness falls below a critical leveldatihe laminate
ruptures. This is in keeping with the results régoiby Mark Greenwood, in which rods that were itertested
in acid or in cement extract failed not becausstiin-corrosion, but because of “loss” of struatdhickness.
For details, see ref. 2.

The lower part of figure 2 shows that bending logdeerate moments that are carried mostly by there
fibers, i.e., by those fibers near the surfacehefdomposite. Under bending loads, the strain samoof the
extreme fibers propagates fast and leads to a suddare. It can be shown mathematically (see langk on
fracture mechanics) that the strain intensity fafédo bending loads is much higher than for tenkbds. The
fast growing bending strains accelerate the sttamesion process, leading to a localized ruptilitee same
phenomenon does not occur under tensile loads.

Strain-corrosion rupture occurs only in those fib#irat are subjected to bending tensile strains ddndition

can be found in the inner plies of (a) knuckle arehvertical storage tanks, (b) under the saddfparts of
above ground pipes or (c) in the crown/invert oflerground pipes. The strain-corrosion rupture freater on
pipes under internal pressure should not be codfuséh the strain-corrosion rupture from chemicihek on
pipes under bending tensile strains. Although thenpmenon is governed by the same mechanism in both
cases, the rupture failure is very different.

CORRODED
LAYER

e

A
TENSILE
STRAINS
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CORRCDED

BENDING
STRAINS

Figure 2

The tensile loads are uniformly carried by all fibeBy contrast, the bending loads are carried rtydsy the extreme fibers. This idea
is central to the understanding of strain-corrosiceused by chemicals. A mathematical explanatiothfs can be found in any book
on fracture mechanics.

The photograph in figure 3 shows a pipe that fabgdstrain corrosion. The pipe carried a solutibracdic
chlorine in a pulp bleacher. The chlorine is arsfroxidizer that corrodes the resin. And the acidares the
glass fibers. The pipe operated deflected by thiecaé compression from a rigid steel frame belawd ahe
weight of other pipes above. The vertical deflattgenerated bending tensile strains in the innggrlat the
pipe invert. The tensile bending strain, combinethwhe chlorine and the acidic media, set theestag the
strain-corrosion process. The process evolveditikews:

1. The liner in the inner invert ply was subjected&nding tensile strains. This is a requiremensfin-
corrosion.

2. The chlorine strain-corroded the resin-rich lineidacaused it to crack. This cracking — known as
environmental stress cracking — allowed the ingoéske acid.

3. The cracked liner exposed the fibers to the achie Migh stress intensity factor at the pipe invert
promoted a fast crack growth that failed the piplee crack grew from the inside of the pipe, moving
out from the inner to the outer surface.

The picture shows a neat, smooth fracture in tipe pall, typical of strain-corrosion. It also shothsit the
liner was hardly penetrated by the environment. [irfex was broken and the fibers were attackedhkyacid in
just one location, namely the line along the pipeert, where the high bending tensile strains are.

Strain-corrosion tests —The objective of any strain-corrosion test is toamge the hoop bending strain that
leads to long-term rupture of the pipe. We refethis long-term hoop strain as CDB, for Corrosioesign
Basis.

The test protocols currently used to measure thB &2 described in ASTM D 5365 (water) and in ASDM
3681 (5% sulfuric acid). Both methods require aimimm of 18 pipe specimens subjected to differemtdbey
strains while in contact with the corrosive mediuhhe strains and their corresponding times to failare
annotated to generate a regression line that ramoiated to predict the 50 years CDB required BWRA C
950.
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Figure 3

The photo shows the strain corroded invert of aepipat operated deflected by vertical compressieel$ while carrying an acidic
solution. The strain-corrosion process typicallyptures the composite along a neat and well defpplede surface, instead of the
jagged and splintered surface typical of other mederupture. Notice that the liner away from thpepinvert was hardly affected by
the environment. The crack initiated and progredsenh the inside of the pipe.

Equation (1) shows the regression line that isiobth The Greek letter€” denotes the sustained hoop
bending strain that ruptures the pipe by straimasion in the time “t”. The intercept A is relateathe hoop
short-term elongation at break of the pipe anddlope G measures the rate of attack by the chenlital
slope G depends on the operating temperature atitearhemical resistance of the glass.

loge = A-Glogt (2)

Table 1 shows typical values of A and G for comnarsanitation pipes tested in water and in 5%usidf
acid. The values of A have been adjusted to gigestbngation in % when the time is expressed irriou

loge = A-Glogt A G cbB
(50 years)
Sanitation pipes in 5% 430, @ 25°C (ASTM 0.220 0.071 0.66%
D3681)
Sanitation pipes in water @ 25°C (ASTM 0.334 0.039 1.30%
D5365)
Table 1

Strain corrosion parameters and 50 years CDB fqidgl sanitation pipes. The values of A have bedjuséed for elongations
expressed in % and failure times in hours. (Coyr&sniantit)
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The regression equations corresponding to the peessin table 1 are:

loge =0.220-0.07logt  (For pipes in 5% ESOy) (2)
loge = 0.334-0.03%0gt  (For pipes in water) 3

The above equations are shown side by side indiguAs expected, sulfuric acid is far more aggvesthan
water. For a failure time of 50 years, the pipe bandle a hoop bending strain of 1.30% in watee $ame
pipe in acid would fail under a hoop bending strainjust 0.66%. The short-term rupture strains are
approximately the same in water as in acid, asatkl. We will return to these equations later.

The next section will show how to predict the stradrrosion time of commercial pipes from the pmips of
the glass and the resin used in the corrosiondrarri

CDB - Strain corrosion of sanitation pipes
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Figure 4
Strain corrosion lines for sanitation pipes in waASTM D 5365) and in 5% sulfuric acid (ASTM D3581

Predicting the strain-corrosion times of commercial pipes— The strain-corrosion behavior of commercial
pipes is controlled by the chemical resistancéhefresin in the liner and by the composition ofgtess in the
corrosion barrier. This section will show how tdimgte the strain-corrosion rupture time for comcredr
pipes. Our approach takes into account the timentdly the chemical to (a) reach the fibers andqlaestroy
the fibers.

The reader is reminded that the discussion th&ivislis applicable only to sanitation pipes, ite.pipes that
have a corrosion barrier of chopped glass. Oilqipgat do not have a corrosion barrier, are rextugised. We
assume that the aggressive chemical diffuses thrthegliner before reaching the corrosion barfidrerefore,
the time to failure by strain corrosion is obtairdgdadding the time for the chemical to travel tigb the liner
+ the time that it takes to strain corrode the gwsapfibers in the corrosion barrier.
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Did the reader understand this? Probably not, seviNesay it again in different words. The argumesntike
follows.

The strain corrosion rupture of commercial sarotafpipes occurs when the fibers in the corrosiamidraare
degraded and ruptured. The rupture time is obtanyealdding the time that the chemical takes toeirétwough
the liner + the time that the chemical takes toade the fibers in the corrosion barrier. Thisusngnarized in
the following equation.

[rupture time] =[travel time]+[corrosion time] 4)

The prediction of the rupture time is complicatgdtibe resin-rich liner. Before doing any harm te ftbers in
the corrosion barrier, the chemical must first @élattarough the liner. This can happen in three ways

(a) Diffusion of the chemical through the liner.This situation occurs in chemicals that do nacktthe resin.
The time to strain-corrosion rupture in this case i

time to | _| time o |, time to (4A)
strain—corrosion rupture| |chemical diffusion| |corrode glass

Let us discuss the time to diffusion of the cheingraduct. The diffusion of chemicals in composiies very
slow process. To my knowledge nothing is known a&liba diffusion times of chemicals in resin cassing
except maybe in the cases of water and a few sislven

In equation (4A), the time to corrode the glassusthdoe measured on bare (no liner) plies of chopyass.
Such corrosion times have been measured and rdpartevo papers. The first, by Hogg (ref 3) repdrthe
corrosion times from pipes made of bare E glasppd fibers deflected in acidic environment. Thepsd, by
Stefanie Romhild and Gunnar Bergman (ref 4) repldttte corrosion times of bare chopped glass ftatriates
immersed in acid. In both cases the tested lanmsnatre constructed exclusively with bare plies ludpped
glass, i.e., plies with no resin-rich liners.

It is unfortunate that none of the above authorgehaublished their regression lines. This is undedable
since their motivations for these tests were theluation of different resins and glasses, rathan tthe
guantification of the strain-corrosion problem. Téguations that follow have been adapted by theepte
author from the crude graphs published by Hogg, Rehand Bergman.

loge =0.231-0,090logt  (Hogg's line for bare E glass) (5)
loge =0.306-0111logt  (Bergman'’s line for bare E glass) (6)
loge = 0.264-0,062logt  (Bergman'’s line for bare boron-free glass) (7)
loge =0.277-0,017logt  (Bergman'’s line for bare AR glass) (8)

The above equations are plotted side by side urdih. They estimate the times to strain-corrodterdint
types of bare chopped glass in acid. The readsgas reminded that these equations are poor E@e©NS
of reality, as they have been derived by the presetior from crude graphs published by the sources
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Strain Corrosion of Bare Chopped Ply
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Figure 5
Strain-corrosion lines of bare (no liner) pliesafopped glass in acid.

The resin-rich liner delays the time for strainfosfon rupture in chemicals that attack the glass,not the
resin. In some cases the delay time from the nésinliner may be so long as to give the impressiat the
strain-corrosion process is altogether eliminaBse ref. 5.

(b) Strain-corrosion of the resin-rich liner. This situation occurs in chemicals that attackregean. The time
to strain-corrosion rupture in this case is likbdws

time to | _ time o |, time to ©)
strain—corrosion rupture| |strain—corrode liner| |corrode glass

The time to strain-corrode the resin-rich linervisry short and may be ignored. This is a very daber
statement, meaning that the resin-rich liner is aateterrent for strain-corrosion in applicationseve the
environment attacks the resin. If we ignore theetitn strain corrode the liner the rupture time ¢qua
becomes

{ time to e}{ time tos} (9A)

strain—corrosion ruptur corrode glas
This is the case of the pipe shown in figure 3, mhine chlorine strain-corroded the resin-rich rdiaad

exposed the fibers in the corrosion barrier. Tharstcorrosion problem of the liner can be solvgdibing the
split liner technology. For information on the s$filher technology, please contact the author.
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(c) Migration of the chemical through cracked liness. This situation occurs in composites that havéesed
high impact loads or have been under high tensiéens. Migration is a fast process which, unlikéugion,
carries the chemical to the corrosion barrier wregy short time. The migration of the chemicalasilitated by
voids and cracks in the liner. Cracked and defediners can be very detrimental to pipes undedimgnloads
and subject to strain-corrosion.

The strain-corrosion rupture times of commerciglegi under high strains is measured as indicaté®siiv
D3681 (in acid) and ASTM D5365 (in water). The e=gion lines developed in such tests, howevemaire
representative of the real conditions under whiwh pipes operate. The regression lines generatedviy
should not be used in pipe design.

Limiting cases —The time to strain-corrosion rupture is estimabydequations (4A), (9) and (10). Equation
(4A) is valid for chemicals that do not attack thein and reach the glass by diffusion. This issfidg the least
severe of all strain-corrosion situations. Equa(@nrepresents the case in which the resin iclegth by the
chemical and is possibly the most severe caseraingtorrosion. Our analysis will ignore the regies
equations obtained from pipes with cracked linassin case (c) above, as unrealistic and not reptasve.

From equation (4A) we derive two scenarios for eggpions in which the chemicals do not attack e

1 — Sewer transmissionThe sulfuric acid solutions developed in urbanessvwdo not harm the resin. The liner
gives good protection to the underlying fiberscsirsulfuric acid is very slow in diffusing througfre resin.
The long diffusion time of sulfuric acid throughethner gives these pipes very long lives, regasitE the type
of glass in the corrosion barrier. For further dstaplease refer to ref. 5.

2 — Water transmission. The short diffusion time of water is not a problesince water is not overly
aggressive to the underlying glass fibers. Theeenaany examples of pipes that have been carryirigrvier
years with no reported case of strain-corrosioluifai

From equation (9A) we see that the environments d¢tack the liner are very dangerous. We advissuich
cases that the liner be prevented from crackingdayg the split liner technology. And in those attans where
the environment is extremely aggressive to therdilvee recommend the split liner technology withboar
fibers in place of the glass fibers. This extremigasion may be found in underground pipes carryimdystrial
wastes. For details, please contact the author.

Conclusion —We have presented arguments indicating that tlanstorrosion process occurs in composites
under bending loads while immersed in corrosivargbals. Our discussions led us to equations toigirélae
durability of composites under strain-corrosion.

Biography: Antonio Carvalho is an engineer withy#@rs dedicated to composites. Past experienagdies|30
years with Owens Corning and 9 years as a full tooesultant for Reichhold. His current respondipili
includes technical support and market developm&anReichhold's DION resins in Brazil and Latin Ancer.
For direct communication please contaatonio.carvalho@reichhold.com
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Appendix A

Threshold strain — As argued in the part 2 of this trilogy, theraisensile strain below which the cracks that
develop in the pipe do not coalesce to allow thespge of water. This tensile strain is known assthold
strain. Pipes operating below the threshold stdminnot weep. The concept of threshold strain isdvidr
weeping. The questions that we ask are:

Is there a threshold strain for strain-corrosion?
Is there a strain below which the pipes nevertfgistrain-corrosion?

Hogni Jonsson has recently (ref 5) published diaiwstrongly supports the existence of a thresktolin for
strain-corrosion. His findings, shown in Figurer8port data collected over a period of 30 yearsmffmpes
deflected in 5% sulfuric acid. Hogni’s data show #train-corrosion line flattening out and turnhngyizontal,
as predicted by the concept of threshold strairs @mazing data apparently validate the concephreshold
strain for strain-corrosion rupture.

The flattening of the regression line reported byghi can be explained by equation (4A). Given thaite
solutions of sulfuric acid do not attack the resai liner, the time to strain-corrosion rupturecantrolled by
diffusion and may be very long. If the strainshie teflected pipes are below the threshold sttaeliner will
not crack and diffusion is the only way for thedato reach the fibers. The diffusion time for sulfuacid is
very long and the regression line gives the impoassf turning horizontal, regardless of the tyggylass. In
fact the diffusion process is active and will ewllty rupture the pipe.

We conclude that there is no threshold strain fi@irs-corrosion, even though the long diffusionésrof some
chemicals that do not attack the resin may giveithpression.
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Figure 9

The long-term strain-corrosion tests of composifeg in sulfuric acid shows a flattening of thenesgsion line. (Courtesy Amiantit).
This, however, is not proof of a threshold straindtrain-corrosion.

Appendix B

Cyclic strain corrosion —The preceding discussion is applicable to stat@mirst. The extension of the strain
corrosion concept to cyclic strains is very simgohel is summarized in the following statement:

Cyclic tensile loads do not cause strain corrosion.

This interesting statement is well explained by tinfied equation proposed in ref. 8. The unifiefi&ion
resolves the strain wave in a static and a cyaimmonent as shown in figure 10 and representedhen t

following equations.

_[ Te(t)dt

(g)static =&= 2

(‘g)cyclic =AE = Emax ~ Emin

(Static component)

(Cyclic component)

Where€max and€min are the extreme values taken by the tensile stnadhT is the period of the cyclic strain

wave.
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Figure 10 — The strain wave. The strain corrosidrempomenon is defined only for tensile bending straCompressive
strains do not cause strain corrosion.

The tensile static component of the strain waveahsisain-corrosion effect. The tensile cyclic camgnt does
not cause strain corrosion. The simultaneous adidhe static and cyclic components is beyondsitegpe of
this paper. For details, please refer to the uwhidiguation (ref. 8).

Mandell (ref 7) mentions a very interesting examplestrain corrosion associated with cyclic fatigdde

application is UD rods used as high voltage insutatn transmission lines. The rods are subjeatestdtic
tensile strains as well as to high frequency wimdliced vibrations. The wind vibrations generatelt&eding
strains that are required by the strain corrosiorcgss. The corrosive chemical in this case iscnécid

generated by electrical discharges. The stageuss skt for the strain corrosion process. E glads have a
short life in this case due to (1) the absenc&efprotective liner, and (2) to the direct attagkhe acid to the
highly strained UD fibers. All that, of course, uwkd by the bending moment from the high frequeryxyic

vibrations. We quote from Mandell himself:

“Some failures occur at strains which appear tolégs than 10% of the short term value (the qualitthe UD
rods appears to be very good and the strength tieacracks is close to the initial values). Theex$pf these
field failures which is most unusual is the modeci#ck growth. Cracks propagate in a planar fashion
perpendicular to the fibers, with no significantigng or debonding along the fibers. The fractis@faces are
almost perfectly flat over most of the 2 cm rodnuiter, with fracture surface features which cantriaeed
back to crack origin, as with many homogeneous nadée Along with the main failure crack, there avéen
several small cracks which have grown a short distain from the surface”.

The above is a perfect description of rupture bgistcorrosion. It should be noted that if the radsre

subjected to pure tensile strains, with no wincuiretl vibration, strain-corrosion would not occuneTinduced
vibration provides the bending loads required keydtrain-corrosion process.
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