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A 3TRACT

Increased use of copper and ite alleys during the pest Guarter
oesntary, particularly in domestis and ecssereial water distridbution
systems, has placed new exphiasis on the proulems of eopper sorrosion.
A sericus oorresion problem has existed in scue of the ecpper water
tubing installations in buildings at Michigan State iniversity. A
major study has been undertaken by the Copper and [rass Research
Association (Ca:Ra) snd the University for the purpces of determine
ing the causes of the copper cerresion.

An experisental water distribution system of eoppsr tubing, in
which effects of increasing temperature and velocity could be obe
served, has been in servics. Periedie sxsminations heve besn nade
to cLserve the procress of corresion. ALAOF nearly Vwe years of
m..pmut&nInuumdan“tMeopwmbma
from 1% sectioned for vurious obesrvations,

vummu@amwmmmwuwmmu-
uummt.)mmnammmmummmmm
from & sefty green, powdery layer at 50°F, %6 a thin, dark, brewn
Mttmam‘r.uwmunnmdumuapuua
110° te 1L0°F5 and b) the corresion was of an impingemend type.

mmm.:mummmmmwwhw
ing the wall thickness after corrosion radiogrsphically, graviastrie
oally and with dial and special pointed aicrometers. Agreenant
mmmumcupmummw
tal ervor,

Craphs ware made from the results of sach measurecent methiod,



showing loes in wall thickness versus texperaiure and loss in wll
thickness versus velocity. I'vem these graphs, it may be concluded
that a) after spproacting a aintmm valvs at 80°F, less in wall
thicknsss reaches a maxinum prior %o the 200°7 rangs. The exach
location of this maximum is dependent on the velocity of the water
waich flowsd in the tubing, For the /3 3/2 and 3/k tash samples
this naximm is nesr 170°F; fer the 1 and 1 )k inch samples the
naxias 13 nearer to 1L0°F, and b) loss ia wall thickness increases
with incressing veloecity. liowswer; it 18 only sbeve 110°F that the
velecity increase tends o influsnce the exwent of cerroaien. This
temperature is also clese %0 the desempesition Sexpersture range
for several of the sompounds apsumed to be forwed as initial coryo-
sion produsts,

From scaparison of the results of the three direst msasremens
mothods with the weight 1oss wethed, 4% may be noted that the corye-
sion in the )/3 and )/2 inch ssmples from 20° through £00°F is
probably of an extensive losal {ype. These samples ecntain a mabes
of very deep pite rather than extensive oversll corrosion.

An advantage of the rediographis-microphotemetrie proeedure s
that 4% provides a parmanent yeeard of the extsnt ef corresion, as
wll a8 an everull ploture of the corrosioen.

I-rey powie? patterns of the deposits formed om the interier of
the varicus tude specimens indicate the presence of silice, some
oopper and iren exides, and sone niscellaneous espper eompounds.
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IO CTION

During the past quarter century, copper ard its alloys, largely
bocmu‘nttburlmrmu. Lave found increasing use ss tuling fory
both comaercial and donestie water distritution systems. In this same
period there oecurred an upsurpge in e clisulcal treatzent of watery
particularly for the purpose of reducing hardness. Concurrently, ia
practice,; more frecuent instances of corrosion and c¢orrogion faillures
have been recorded. As a consequence,; there has Leen considerable
interest in the dotemination of the basic sauses of such eorrosion
and in the reducticn of their frequency.

The overall study of corrosion in & water distribution systea, of
w:ich this thesis is but a =2all part, is the first one in w.ich the
progress of the corrvaion on the inner surfaces of eopper water tubing
kas been etssrved continuously undey extensive and sontrolled ssrvice
conditions. Incliied in this thesis are! }) a dafinition of corrosiom
and explanations of the various types of corrosive attack) 2) a die=
cussion of scew methods of wvater treatment and their effecls en core
rosivensss of water) 3) a brief discussion of the scrrosiom preblem at
Fichican Ztate Universiiyj L) & report on several methods of evaluate
ing the extent of corrosica; 5) a discussion of x-rey diffrastiom
nethods for deterinalica of ecorrosion proiuct compositionj and €)

goneral coumnts and conclusicns.

Corrosion

Checical or elociroclimaical deterioration of metals is known as

corroslion, in contrast to ervsion, wiich implles destruction by
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mectianigal wearinge In praciice, ascociation of the two may result in
acosleration of tie detericration and will Ve discuseed furtier, A
briel reme of tie typos of ceriosion has Leen corpiled from Bumsrous

wurcu.l
Lirect C..eaical Corrosion

Any chenical reaction in w:ich a pure mstal may take part with the
production of a eaxpound ef the metal, wuld result ia sorrogion 1if
allowed t0 procesd on e motil surface. 7114 action of acid on a mstal,
or tie formatlion of netal cxides or salts dus o action of the atacee

pliere, are typlical exwy:lase
klectrochenical Corrosion

Llectrochenical corrcsion, a detericration of mstals in an eleow
trolyte, involved dissolution of metal at so called ancdiie areas and
deposition of hydrogon from solution ad cathodie aress. The finite
separation of portions of a netal surfese resuliing ia the ancde and
cathiis areas may Le caused by slight differenses iam metal strusture,
imperfections in the initial exide filws hot spots, ete. Llsctro=
ehenical corrosicn will mod eontinuey howsvery unless hydrogen is
evolved or rewved by oxidation

A® the grester nuaber of instemces of eorrosion of astals eoewr
in eontact with an eloctrolytey a more detailed dissussion of the

various forms of electrechsnical corrosion will be _iven,



Calvanie-Two ietal Llocirociesical Corrosion = Tuis rapid \ype of
corrosion resulte wien a mstal is slectrically conmectsd with a less
reactive (more oltcumug;auu)' metal in @ singls corresive solutiom,
Corrosion of tiis type nay occur ad the Juncture of two different
metal water pipes, on stesl rivets in copper sheeting or the trass
tearing oa tie projeller of a steel ship.

Conoentration Cell Corrosion == A concentration or elsctroiytie sorro-
siom eel)l, of which the galvanie cell is ene form, may eonsist of 1

1. Two different netals in tle sane elecirolyte. (galvanis eell)

2. Two netals in diflerent slectrolytes. (Daniels eell)

3. The saue metil in two different scnosntraticns of the same
slectrolyte. This is the ocoxion form of electirolytis ecrree=
sion.

Le The siew metal in two different elecirolytes.

Fitting or localised Corsosion = Fitting is the pockemarked form of
corrosion of & metel suriase due te inesanplete protection by a esrree
elion produet or other coating, or (o mmall inhomegensities ia the
astal, Corresion tends Lo eccur more repidly in the unprotected areas
than on the major surface and may be accelerated bty the amall ine
elusions. If the Lwl.siins are nore reaciive than the metal, they
will be sorroded culy and if less resctive or sathodic, they may ine
daoce pitting in their visinity. A simple eoncentration eell aiyht
also be sst up ia an inclusion or its vasanay.

Fitting in eopper tubing is ususlly of deposit alteck form ia
wiich the pive occur wuxiar porous depcsits of corrosion produsts or
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foreign material. Ihis type of pitting is due to the farnaticn of an
exygen-~gonoentration csll. In this concentration cell the area in
contach with a sclution low in exyian becores anodie and is actively
ecorredad, while the ares in eontact with solution hich in exypen
beoones esathodis end is thus protected. 7The area urder a deposit,
being shlslded froa contact with the solution coniaining exyien,
becones ancdle and 19 tuus sublect to corrosion. Fitting is frequently
associaled With stajnant eonditions,

Desinoification Corrvsion == Selsctive leaching in an alloy is knowm as
Gesincification. It is most common in brasses froa w:ich xine may be
dissolved, leaving only & surfecs deposit of eopper ever g percus and
weakensad acpper base. This type of ecorrosion 18 really a epecifis
sxaxple of galvanis eoncentration gell corrosion and is most 1likely to
oogur in stapgnand or slowly moving water which is relatively hich in
ehloride and low in hardness se that ne protective calcimm sarbonate
scale is formed. Thers are installations of Lrass tubing now undep
taet) however, this dlscussion is related primarily to exssination of
cerrosion in eopper twing and desineificaiion warrante no further
discussion.

Strese Corrosion and Corrosion Fatigue «= Corrosion may be aceslersted
by internal stresses or sxternally spplied siresses. 5ot only may
differential stress produce corrosicn, but corrosion of any ether \ype
say produce a wesiksned part which may erack under a stress that weuld
not othervise have gffacled ft, Separai..n of ;rains by some unsvea
distridution of stresses may lead to pitting. Corrosiom fatigue is



stress corrccion in which the ctrecses fre fluctieting or ¢relice in

Zrceion-corresicon or Impling cment Corrosion Lregsion i ususlly re-
garid-1 &z a Aertructive precers involving concurrent romoval of mate-
o Impingzm:i® or erosiop-cirrosisn 1o nruslly characterized by

rapid and rereated destructicn of vrctective surfoce il in the

(l"

rrescnce of ra-idly moving, turbtulent 310 d=

Coprer tubirg suffers

impingement zttack In systers where the velocit, 27 tha water ic

unnsually hich and/or turbilent, and where no protective £ilm is fo-

or the initially formed film has been loccened, recauce the flovw

is sutjest to corstrmiction irremidarities and turbulonce, attack
usually predominat=d in Toc2l ercas or rections near the inlet end of
the tutirg, but may evterd the entire lern;th of an irstallsticn,

~

Intrained air butbles, brraking s they ccrtact the surface of the

tubing, act &s accrlaraters of this typr2 of corresion wh *be
easily idertifisd by its creccont-shaced, elongated vits, frequertly

underent in the dewnstresn direction. (Fipure 1)

T \,&\m\x'
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Coeppaw Corrodicn

Wideapread use of eopper and copper alloys is due larjely to the
exosllant resistance to ccrrosion displayed ty theos matorials in e
wide range of envirommants. Copper Steelf 48 not @ particularly ree
active slsment and its cozTudiilility 18 low, a8 xi 2t Lo expecled,
even without @ proteciive fila. }rom the position of co;er in the
Reotrawtive Force Serissy it is sesn thad the teniency for fornation
of hydropmss gas on a co-per eurisce L8 80 81116 tiut the swunt of
veacstion is insigniiicent, although the Weeakiown of a protective
£iia en oopper is nod oyt 40 1sad Ve rapid atteck as with from or |
alusimmy Whe eontinued resistanse of cepper te corrosiocn dejends te
& considereble sxtent o0 L8 comiimusd malatenance of & protectiive
£4n of cxide or sone cther imseluble deposis.

Generally, e be protective, the film mued not anly Le insoluble,
But aleo alhsrent and ciniinuouse Ihin [1lee are nore likely te posisss
these propertiss thsn heavy, buliky filae which are subjecs Lo loosening
by fiowing waters IV svens obvicus that formation of solible salts eb
he metal surface will result in continued corrosion, Likewisas ecat~
inys thad axe porousy locsely adherent, or sasily Lrohen, offer little
protection and say resuls in formation of sonocsmtratiom cells, thus
acoalsyeting corrosion,

Yy of e corivsion products formwd on eopper have low solue
tility and tend to lora al.erent,; relatively impervicus {ilms which
help make eopper resistant to eorvosion in many media.

Becass of the'r corrosion resistance in fresh water systems,



copper and 1t alloys find widespread use in e¢old and hot water sys~
tens for both domwstic and industrial installatiom, Tubing thus
installed has usually Loen found to suffer Lrom only a few of the
previously {niicated forus of corrosion, lar;ely pitting and impinge-

Bant eorrosion,



TUE CLETCBICH TROCLEN AT RICEIGAN STATE UNIVESD XS

Frior to 1511, copper water tubing in uss in various tuildings
on the Mighizan State University carpus showed few corrozion falluresy
dospite a service record of up to thilirty yeers. In cne wmen's doermie
tory, Gilchrist iall, built in 19L9, over forty ccrrosion fallures
ocourred during tiw intarval June 19Tl to august 1522. Concera about
these falil.res lad to tre initiation of a ocorrosion conference.
Attandiance at this conforsiwe included repressntatives from the Uni-
versity ancd from the couniry's major coppsr tubing producers, with
won there bad been previcus correspordence on the protlsn. 4 sn
outcome of tuis conforence, the Copper and brass Fessarch issocistion
(Casta)s & manufacturer's sssociation, through fts corrosion sube
oosmities and in eo-opsration with the University, decided to initiate
& rather exus;lin corroslon testing pro;ram.

This inttial plaming caxgprisad tw phases of studly. First,
deternination of tie causcs cf the failures in m Idchican State
University installations end sabseguent reduction of the Lreguency
of these fallures and escond, setablichrent under controlled ocondie
tions of the type and prizary causes of such corrosion. The progras
has Leen intended as basic ressarch in ile corrosicn of coppsr in
active fresh walor gretexs With 4 ecrollary sivudy ia prevention er
retardatlion of sioh corrosion.

~ Gpecifically, tris study has involved deter:ining trhe effects of
variations in texzerature, ia velocily and im types of watars sireue
lated throush a s7stem of copper water tuling. bHaters of varied come
position were clroulaied tizrcu h panels of copper tuling ia euch a

3
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sannor that the effecta of rix diffsrent tarparatures and five velocle
ties ococuld Ve obsorved,

The eanditions fur ex-erimental work wsre not srvitrary tut wre
establistied as a result of cLservaticns mais over a lony period of time.
It had been noted tiat tuding replacenenta for corrosion failures oge
eurred less freguenily ia tiwse systens wh:ich had becn in use fer a
long time, Thsre were iallcatlons t:at in those ¢lier building sy sofe
teners ware run Leyond Lhe polnt of axhaustion, L£1oWw rates were relae
tively low and taperatires ucxierate. Sone protective {ila ar-parently
dbullt wp wder these operaling corxiitions,

Lswer installalicns eppeared to have practically ne protective
£1iln and were fond on occaslons to have Li u chloride ecacentrations
in these eirculating sysiensy indicating incomplste rinsing of the
sodiom seclite scftencrs befcre regsnsration. Tegeratures were found
to be in the range of 1K’ to 2.0°F, Under these ecniitionsy there
appoars 0 Lo no oppoi-tunity for the formation of @ proteciive eoating,

Several other cuservations ware male about the installailons in
shich the more frequent failures have cccurred. Corrogion ef the tubing
seems to be prevaisnt in locaticns wbsre recirculation systess wre in
operation; loads wire leavy, tesperatures were sbove 150°F in softaners
frequantly reanerated to malutain ssre hardness aV all times. Visual
exaaination of the tues in wideh fallures had eccurred iniicated pite
ting=izpingoment type of erosione Among the steps whlch were taken in
an effort to reducs the numiey and severity of failures occurring on
sanpus wre (1) lowaring of tacperstures to below 1i0°F, (2) blending
of soft water and kard wior Lo maintain s slightly scale-forming water,



0
that is, to rave a sli Nhily positive Lan_eliar Dixlex for tia system,
(3) bypassing of recireslatlon pusps in tha éistridullcn eysten. lLee
eirculation prps had been inztalled in the kot walor lings to insare
prompé delivery of hod webtor to ta's on wper flsors of the bullding,
(4) Smproving re:.wnsrsallon procedures for scdiua ssclile scl.aners with
particular attention baing pald te the rinsin, awy of chilorilesy i3
econtrolling the earton disxide content a% the wells and reservoir,

(¢) attepting to watch the exr_en concentration in the eysien,
The above corrective msasures bave substantially reduced tie
nuer of fallures on capuse

ratery and «“uter Treatcent

As indicated, tis compositicn of the watey flowing through the
eo;per tublng is sipnificantly related 1o the ¢y and de ree of eorro=
sion involved. The ususl mmicipal wter supply is fresh water whish
may contain tne Jollowing long derived fron corpownds pressnt in the
solls Na*y K%, 134% Ca**)y ¥5%%, Fe***, Fe**y, A1'**, B*, C1°, 20,
504 (™) HCC,% CU,™ s PUL™", TLere may also be presect dissolved
gasesy suoh a8 Cpp Cuyp 50y Clgy Eiyy along with orzanis ma'ter of
various sorts, as well as cuspended material such as silica, clay, etc.
Thie water is usually treabed by cllorination, filtration, ssraiion,
ote, V0 nake it potalles Ia aiditlion, waler used for Loilar feed,
laundry ad mxuy dcaestlae purposes may e treated to recove lLardness.

%hLe presance of ay of tie above mentioned ions, or of jases eor
treatront compounds in eulliciant smcunis, may alier tiw corrveiveness
of the water toward tie tuling through w:ich % ﬁm. Furiley cohe
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¢idersiion of the previcusly indicated ecrrosioca precesses shows thad
the ecpper lons going inte solmtion et the anocdis areas unite with
the hydroxyl lons or ether icns ia sclution 49 form eopper hLydruxide,
exidss or salts. If these eerresion produsts are capable of formimg
am adherents everall ecating they should protect the eoppey from eer-
rosion, tub the gmmeral protection depands on the solubility ef she
sorrogicn products in thelr snwviremwent.

The calsiumy magnesium and iron salte are usually respounsible for
scals formation iIn watar o the (Gsperature inereases, and this seals
say alse balp to retard eorzesion Whrough asticn &8 8 pretestive ceat-
ings These materials axe the besis for e called haxdnese in water.

AV present there are 0 janedal metheds in use for redusing
hardnesse a) Cne methody the lime-soda process, invelves the removal
of the scals forning elemente Wy presipitation. Lime mey be added Ve
& wter sontaining salcius bNisazbenate and megnesium salts With gube
sequent presipitation of saloiwm carbonate and magnesivm hpdrexide.
6oda ash (NagClp) 4a frequemily used as & supplement te presipitate
e remaining caleium salte as caleium esrtiemate. b) A ssesnd msthed
of water softening is by Lfom exchange. Water % be softemed is paseed
Wreuch & bed of inscluble readny whervewpen the saloium and msgnesimm
dang replase the sodiun i of the Fesin and an efflummt water of
SIU OF NBAT BONY hardness 1udulite. The resia i regenersied by
flushing with a trine solutism. Sems iom emchange Fesing wee hydregen
1008 rather than sedium iome ad sofleners uwsing these resins are re-

gemavated with a minewal ecid.
Natural wmater swplies are wswally asutral or alightly asidie
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frem dissolved carbon dioxide end gontain sufficient dissolved exygea
%0 cause and maintain corrosion. Renoval of the often objectionable
scale and scum-forming calcium and magnesim 2alte nay allow corrosionm
%0 progeed fresly in the ahisence of the protective coating shich would
othervise form, Additional trestamant is sowtizmes necessary to alle-
viate this eondition,

The Approsch (o the Froblenm

During the eourse of the overell Lnwestigaticm, a nusber of simie
me.mwmuﬂmwouwmm
from sere to wmll water hardness. This discussion i en cbssrvations
and svaluations made on copper tubing yemoved from the first of thees
ssries of controlled experiments.

The test parel ecnsisted of six vertical tubing twrains ecnstrusted
from sections of tubing of decreasing diameter (1 W %o ¥/0®) and eem-
nected in series by mesns of M4® retwrn lines. Thess seetions were
ecnnested in erder of dectwasing dimmeters Ly means of soldeved wnicne
Sfor ease in disasserbling for inspection. (Figuses 2 and J) (Figure 2
18 a photograph of the cayplsete panel, ii,ure 3 18 & diagren of ene
1oop of the panel.) The panel was designed se that the wster flewsd
ia the direction of decreasing tube diamsters.

The water flowing through eath sucesssive loop was hsated %0 a
Semperature higher than in the previcus leop. Speeificatiens fer the
pansl and its operation ware deternined after consideration of eon~
ditions under which oopper tubing s used generally, as well as at
Michigmn State University., ThLe operating tempsratures for the varisus



loops of the panel were room tempera-
ture, 80, 110, 140, 170 and 20G°F. It
is noted that the useful temperature
range of water is covered. Thermally
rcvu’ated heat exchangers vere used to
obtain the desired tenveratures,
(Figure L)

The sections were approximately
60 diameters in length, this being
the minimum length to allow free flow
in the major portion of the tubing,
thus ninirizing the effects 2f turbu-
lenc: at ti.c uni..... The 1.ter flow
vas set at 6 gallons per minute in
order to obtain a velocity of 1.5
feet/second in the 1 1/ irch section
This is the critical velocity for ini-
tiation of turbulence in the 1 1/4
inch tubing, there being streamline
water flow below.this velocitye Im-

pingement corrosion should, therefore,

be 2t a minimum in tubing of this dia-

meter. Corresponding velocities in
the remaining sections are a function
of their respective diameters. The

dimensions of the tubing sections are
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included in Table I.
The panel was in
actual operation a total
of 498 days. The only
interruptions in opera-
tion occurred at about
four month intervals, at
vhich time the panel was
canplet -7 disassembled
for inspection by the
committee during the
quarterly co}rosion con-
ferences, These inspec—
tions were visual, pri-
marily by means of a

boroscope, in order not

Figure L. Test Panel Heat Exchangers

to disturb the deposit forn.ed on the interior of the tubing.

Table I

Panel Specifications

Diameter 2 4% 4.
(inches)

Length 6
(feet)

Velocity 1.5
(ft/sec)

at 6 gal/min

1 3/4
5 L
2.3 3.9

1/2 2/8
3 2
8.1 b
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The pmel was reaowved from operaticn permansntly when 1% was
decided that an adiiticnal four months service would probably resuls
in fallure somevhere in the system. (This decizion was later justie
£ied, as the miniaum remaining wll thickness ad some places was
spproxinetely 0.010 fnches.)

After the pasl had been disassembled, each section was sut
transvereally ia two. 7The inleb half was put aside for future obe
seyvation. The eutlst half was then eud in two lon;itudinally, cme
balf being retained for obesrvations, and the other half being shipped
o the Copper and Ersss Ressarch Assosiation for cbservatiom.

For this dlssussion, sbssrvations were on the outles halfe
sections of tubing which wee retained. Frem these halfesections,
six inch lengihis waye cuty asid clsamed and veed for some of the phys-
ical measurements recorded later,

The bewesocpe ebesrvations insluded ia Vhis repers are the final
ones mads by the CAIGRA eorresien saamittes om the various lengthe of
the disasssmbled pamel, priow 0 sestioming. (Tadle II)

Other data include nicreseopis obssrvations ea bVeth wncleaned
and acid clemmed sestions (Tanls I1I), wall thickness measurements
with miorometers (Tablee IV and VIII) and rediographis studies (Zables
IX and X), Extent of gorresion ws alse evaluated by determination of
the lose of copper by cravimetris analysis. (Tables XI amd XII)
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From the visualy toroscopis and microscopis otservations, a few
gensralisations about the corrosicm and the corvosion preducte may be
made. Exoeph for twe clean and probably anodis areas, the deposits
are overall, quite adherent md become increasingly barder with iae
oreasing temperature, &ince the pitiing eonsisted of crescent or
horse-shoe shaped furmationsy with the closed end of the crescents
always in the same directiomy e sorrosion can Le classified as an
dmpingenent type. Furtlermore; Lecsuse the closed ends of the eres
ente are always in Ue sae directions it is posaille te state the
direction in which the wuster hed been flowing. Hany studies have
shom thal the closed enxds lie in the direction of flow,

The acid sleaned porticns show variation in the deo.ree of this
impingenand corrosion, 7There sppears t0 be & transition from diree~
ticnal fapingement corrosion in the first four test 1loops, to ordinary
pitting wnder the depoait in the 170° and 200°F test loopsy pardsos
ularly vith the lar sy diameter tuding., This chan e in behavior soems
to indicate some resistance to welocity effects at hijher tarperatures,
thouch the deposis is sufficlently porous te allow pitting.

Tule peper deals with w0 major stuiies on the copper tubing re-
moved from the axperizental operation. 7he first of these is 0 eval~
uation of the extent of corrosion, whils the second deals with the
compoaition of the corrosion products.

ixperisental Fethods

To deternine the extent of corrosion, measurenents were made
rediogrephically, reviretrically and with dfal and pointad micree
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msters.

e ssoond section of this reports is cu the determination ef the
sorresion productee I-ray diffrsstion was used te obtain powder
pattemns of material from he deposits on Lhe inner walls of the tube
ing.



REXRT OGN Ti& ERTERT OF CLRACSION

Assvonand and Teporiing of esrresien has been pla ued with imeem~
sistensiss and the lack of a wniversal lmmguage o exyress the extend
of the corresion.) It 1e felt thab no singls method of evalustion emn
mmm.mn.ummm therefore,
several sppreached have been combined with the hope of previding a
broader and move esmprebensive picture of the attack.

Eash method of measrenent is discussed and & eompariemm of eome
mon Yesults madey along with a presentation of the distingtive advan~
Sages of each methed. The sem six-insh, asid-eleaned mpecinens wre
used in all of the evaluating measurements exsept for the gravimstris
prooedure,

hMicrometer Keasurements
Dial Morometer Mossurements

The thisieess of the metal rencining en eash specinsn wmas firet
detemined by dial nicremster noasuremsnt. The iastrument (Figure §)
wad rigidly supported on a frems in emtest with a psrmanently attashed
ridged blagk, the mere readiing being the esntast poimts of the blesk.
The devies was salidbrated by msaswrement of amsples of new and wnused
espper tubing of identisal neminal disssters with thess of the test
spesinens. Vall th:icknesses of the new twbing were determined by
msesurentnt with saliper aisromstiers. The teed specinsn resdings wesre
then ssmverted to astual inches bty eccparissm with the readings on the

now tubing samples.
4}



Figure 6« The Pointed Micrometer in Use e " S SRR
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Apprexinately o8 randem dial readings were made along the herie
sental axis of sach oteroded semple and the svere;s of each sush sed
wms salsulated. Ine asxizum sad ninimm readings found in sach est
wese the extremss ia wall thickness remaining.

Folnted Jioroueler !sasureusmts

4 ssocnd sst of wall thickness msasurensuts wes nade with a pair
of spesial ealiper micromstersy WAth msasuring points having a 30°
Sapars (Figure 6) Tiis e of misvometer 18 in gemeral use Ly Ciika
mmmbers for such measurensnis. In this eass, tiwee ssparste sste of
readings were nade and aversged. Thess imsluded tem randem Feadings,
ten readings taksn in areas of minimus wall thickness and %en readings
in areas of maxtimum wall thickness.

Fadlogreplie Study

Several lovestigators'S have empleged & retisgrephis teehaique
68 an aid in eorronion studiss. Wrile their spproash dees not differ
in prineiple frem the ens used in this study, certain pressdwral
differensss nocessitede further dissuasien.

When an -vay beam 18 dirested sd a correded metal spesiman,
whish has been plased on & shess of fila (Figure T), the resulting
pattera of blashening on the fila 1s a sepressmiation of the degree
of pitsing. The z-eay funsticns as & sord of depth gauge, the film
Fescpding the varistions in intemsity of that radistioa which pemes
trates the sample.

The yesulting radiogzreph cives an excellent pasersnis view of the
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ourrosion, w:ils quantitative represantation of thie fila blackening
ean b9 obtained with the use of s dansitcmeter or micrephotoneters

4 slight divercence abt this point would not be aniss in order to
give a btrief explanation of the photographio effects of x-ruxys, Fedie
ecraphy and the measurensnt of intensltles of photograghis blackening,®
Even before their exast nature was known, x~rays were obssrved to cause
blackening of photogrsptiis plates. These rays are capaile of initiate
ing the phetechenical change in the photoprsphis emulsion wiich resulis
in the deposition of sgilver particles upom development, 7ie dezree of
blackening er density of the depesit 1s defined in terms of the frac=-
ticm of the ineident li bt ultinately Sranmitted to the £ilm.

inoldent 1ighd

density = log
transiitted i ht

In other wards, & density of 1 means that caly 0.1 of the incident
1ichs has been trananitted to the fila,

It has also been estallished that the blackening is proporticnal
%0 exposure (L), whers B = bean intensity x time. 7Tiis means that a
50 IV bean at 15 ma for ons hour would iive the sane Ulackening as 1
as for 1S hours. This relationship, knows as the reciprocity law, is
valid for the major portica of an exposure ran;e, osasing to be linesr
only ab the extremss. In order to interpret the blackening of the
£iln quantitatively, eome sort of refarence scals is necsssary, usually
& seriss of gruded sp0ts eorrTesponding L0 knowm expomurese In view of
the gread range of validity of the resiprocity relaticnship, such a
reference seals asy Le maie using a btean of constant intensity and
chanying the time for a seriss of exposures. This scale should de
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identical with one using eonstant tiae and varying the intensity.

A sizilar reference scalse ¢am Do made by rediographing a seriss
of metal shests of varying thiaknssses en the same fila plate as the
sampls. Errer is intredused in Leth metkeds whem conversion betwsen
smple and reference is made, not only by grephs or whatever msthed
1o weed fer eomparisony but also by varistion ia handling, exposing
and processing the £ila.

The possidility of such errers was mininised in Ahis study by use
of an internal stendard. A eopper step wedge, milled ia 0.003 inch
steps over the rengs of thisknesses of the samples, was rediographed
with each saples The use of the intemal step wige ninimises b~
dling end processing exrors, whiile its uee with each expesure elimie
nates the ssparate graph.

1o nake sosursts measurements of the film bdlackening, a reeording
niorophotometer was erployed., [Lasisally this instrunent measures the
fraction of insiden$ 1izht thad Lis transmitted threugh a slib ares of
the fila by neans of a photesall. The photeslectris current thus
prodused 1s msasured by a galvancmster,; the defleetion of 2o galvee
nometer being proporticnal to the traammitted intemsity. In this
study & Jarrelleash sumparator besn nierophotomster was used, Vegether
with a Bristol recerder,

This instrement! emplays a double beam technique ia whish the
mmmnmummswsmu:q
inte the same photesmliiplisr that measures the main 11 ht beam pase~
ing through the slite Cperationa, then, are independent of any
fluswaticns in the supply voltege and of wny 1i:hé intensity ehanges



23

resulting from elouding of the lmupy aging of ecmponents, ete.

he recording alsrophotonster prevides a continusus trece of the
14:08 transaissiom through the dark and lighd spots en the film eorre~
sponding te varying decress of pitting on Whie seples, sinee the fila
saple is moved unier the slib light source mechanis. iy at & constand
rste, The galveancesterr Yeadings are yecstded on & continuous chard
calibrated from O te 300 o/e transxission.

Cravimetris Detarnination of Corrosiom

IV would appeer that the differenes in weight of & Sample before
and aftey esrresion wuld be a valid repressatation of the extent of
esrrosion. Unfortumatelys ne preliminery wsighing ef the tubing see-
ticne was nade. Jiowever; becauss of the manulasctureris ri id adherence
to specifications, tubing of recend sanufacture was assused to de
satisfactory as & standard,

The averapge welyht per unit length of each diameter tubing was
deternined from seversl three inch lengihs of both new and eorroded
tubing, (Figure §) Corroded spesinmme were etspered with new tubing
spesinans before and after clesaning in a sulfuris asid=-dichrenste
sclution.

Al specimens were cud with a tubing cutter and thelr lengths
deteruined with @ vernier caliper. Welghing was done en g stendasd

analytical balande.
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Figure 7. Set-up for Making Radiographs

Figure 8. Samples for Gravimetric Analysis




Qualitative Comparison Setwesn Fhotography and Raediegrephy

The photograph and radiogreph (Figure 9) arve prints of the same
set of corroded tubing sasples. The complementary natwre of the two
netheds is evidenty the photograph shows the general shape and loca=
tion of pitting, whereas the redicgraph reveals the extent of corro-
sion. The light spots on the radiographic print corvespond to the
greatest depth of penetration by corrvsiomn.



Photograph and Radiograph of Corroded Specimens
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LAENTIFICAT LN OF Deludits

Early in the eourss of ithe ecrrosion study ab kiehigan State
mmw(mmfmammmmmmua-
posits Jencved fYOR eopper tubing in seevics ab the time. These
deposits seamed to be composed largely of ewprie oxids, ferrie cxide,
silics and a basie eopper carbonates Lesesr mmomnts of ecpper ehle~
rides, sulfates and Sume ¢aloium salts were found.

Is has besn assumed that the depesits removed from the pemsl
saxples mee of a sinilar nature, The ewrreat study was undertahen
in an effers to nore definitely estsblish the astual composition ef
these depesite, Using Fewelos equipment with a ecpper largety Debyee
Sclurrer powdeP patietns DS nade of depesite fyem the tubing spesis
aens st all temparuture ranges. Fatterns were also made of a mmbes
of pure ecpper ecmptundis, the presense of which was possible in the
deposite.

The 3% digtanse ¢f all tiess pattarns was msasured, and fyem
thisy the intarplanar ®d" spacings detemined graphically. These *4®
values, along with the sppromimste intensitiss of the lines, wese
ehesked against tabulated valuss for a number of oopper ecrpounds.
The pregenss of & Ruber of scampeunds was thus indicated,

AS firen, difficulties were encoumtered with fogiing of the film.
Appavertly iven exide was presant i suf fisiend quantity im the seples
¢ omnse m-vay floureseenss. The use of an iron terget tube lesssned
the fegging somevhal bud required eonsiderelly lenger (12 to 15 hours)
exposure ime.



BATidDMATAL T ee EVALUAT I BETHCDY

Two types of micromsticr measurements and the radiographis cbeere
vations were made on clsaned specinens. For the loss in weiyht oy
gravinstrie deterninations, & sed of unsectioned tubing lengths was
used,

The clemed specinens were prepared ty immereing six inch seee
tioned specinens, from the offluent end of each length of tubing wsed
in the panel, ia 10 o/e potassium dichromate-sulfuris acid solutiom
for ten minutes, brushing lightly, washing with distilled water and
allowing to dry,

Comparative graphs acoospany each evaluation methed and a takle
ecmparing results of the svaluation methods 19 included toliu&ng all
ef the data. (Table XIII)

Ildal MicrenetWy Heasurenents

For this seriss of wmll thickness mcasuremsnits a dial micremeter
(mno.m—'ﬁ‘,"x‘o;;-) (*igure 5), fithed with & spacial hardensd
steel pointed contesd footy was used, The instrumens was rigidly
supported on & fraaey with the ecutach foos ooming to rest on a hesvy
stesl base. With t:s ¢clsaned samples resting on the steel bLase, inie
tial ssasuremsnts of the sane pit resulted in readings of wide varise
tion. These deviations resulted from a) poseibility of transverse
rocking of the hemiecylindrical ssnple ad b) a slizht longitaiinal
bowed effect browght about during seeticaing of the tuwbing.

A special brass Jopoint V=blook was made te correct thess errors,
and while they ware nininiged with this arrengementy new longitudinal

3
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rocking was possibles o tie three points. In addition, the wide varie
stion in tubing diasester made 1% necessary to adjust the level of the
V=block for each set of sanples of different dimwter,

Finally, & 1=inch block with 1/ inch slightly elevated, ridged
edzes was used, 60 thad in moking mesasuremsnts, 56 cylindrical shaped
saple sould be rocked to a slight extent in a transverss direction in
order thal the maximm pid depth as indisated by the minirum miorometer
reading, sould be cbtained.

Keading;s were alsc mads oa saples of nev tuldng of comparabls
nominal diameter to detemmine the amount of coppsr lost by corrosion.
The new tubing wall tiicknosses were mesasured with the special pointed
nicromsterse The avera s valus of tan randma readin s was tacen as
the actual wall thisiness of tubing prior to carrosion,

As @ basis for caparismn, the nanulfacturerts specifications for
Sbing of the diansters used in the pamels are liasted in Table IV,
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Apprexinately tean rendom reedings were made longitudinally om
each sarples and the averacs of each sest saloulated. The maximm and
ninimm readings en the corroded sacples were asemed to represent
pite end ialande respectively. (Table V)

The maxisum (o pit), minfmm (or island) and evera;e thicke
nesees of metal lost Ly eorvosion, as deter:ined by comparison of
those measured values (Table V) with theoretical &d aversys mease
uwred values of initial tubing wall tiuicknesses, are listed in Table
I,
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Table V
lewdin d 4n wAs tale were macs wilh g dial ricrowior on
sxylos of now tutinge

tow Twing « recdin:g $-ches

1§ S

Dnnelers of 3/3 /2 3/4 1 114

tuling eegtions
£33 L26 L6 b 3
€1l L IND) 3a 3]
01 L L22 379 333
1] LLo L1y 34 34
£1) Ly L) 332 35
Li9 L3 Lzl 3 3N
e 3 L2 3 2 &7
(5] LG L29 33 31
v2l Lis L2 3.2 x2
£17 Ly L1y Ja ey

kvers,e £13 L6 L1y 33 33

Yolow gre the evars s volueg in irnches ¢f 1D reciin s male on
the sa® now Liing explss with the srecial po<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>