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Th~. a _ thoai. o oonsidors an 1nvoot1r;.at1on 
into the ooturo nnd magn1 tud.e of corrosion of' mild 
steel by oondGns1ns va.poura from oolut,1ons ot ammo­
nium enlts at eo0c. Testa with drops of oondonGQte 
on steel spoc.1mena nre described and 1t. 1s advised 
that . they ba used as a ·s1mple prel1m1nnt"'Y bsforo 
elo.bora.to oorro&J.on toato ore applied in tndustr1al. 
praot1oe, Ttro ty-pes ot corrosion were round ~ by 
dif't'Grent1nl aon+t1on oella and by d!reot attnclt. · 
The typo ot corrosion doponds on the nnture of tho 
cond.enea.tlon on tha ·mo.tori al to be examined, · 1. o .• 
whether dropwtae or film .... type. Oorros1on ve.r1tid 
from extremely h1gh ra.teG of' sttack by sulphUr di­
oxide bearing vo.pou:rc to oooploto protootion by 
purely ammon1noal vapours.· The att.acl\: ie not con• 
trolled b;v-ar.lmon1a but by tha ac!d const.1tu&nt of 

· tbs -v-apoure.J. 
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Pase 1 

Oorros1.on by condensed vapour in chemical plants, 

where appa~atua is in contact ~1th a oondensablo sa.s near its 

dew point, 1s often tL mo.Jor problern,c'·ros:ultins in in~rsaaad 

maintena.nco oosts and 1osa o.t ti.ms tor repairs. Thia part10-

u1ar typo of corrosion htui, f'.o:r exo.mple, been found. 1n a ta.ri 

d1ot1lls.t1ori by•product ~\ant tor tha recovery Qf bsnzole tore­

runnine;r; from f.'P.tJ wor~'f c rudGt'h Va.pours. tti sing ff"Om the hot 

eolut.ion _in the ro.o1due raotd.vorn ot the boiler still.. oond.onse 

on the co'1d surtaoea ot pipe 11nf;>s• .and cause se~1oue d.eteriorr-

Oorr>0s2,on of th1e .. 
·nature shOuld. not. ·t.ie contused tdth · 1mpingement attnck or 

orord.on, which talt~s place 1n. condensers and plant wbe:rs thE3 

goses tna\Y' travel at & considerable velocity. (1) 

Th:e 1n'!'GGt1ga:tlon aot. Otlt in this thesis, !fte.s 

·ca.rr1Eid. out to cl-eterm1ne the :nature a.nd magnitude or corrosion 

by the oondons1ng vapourn o:r nmmonlum .salts, which were tho 

.oM.ef oausee ot co.rrooion in the eaa¢ tlescribod abovG. As a 

g9neral basis for.:lnvGstigation, conditions were reproduced 

td.m11nr to those under which -co:rro.aion took pla.l'lC; .1 .• G. ·a alow 
' 

stt-eo.m of air .and va.pour from· a hot .. solution oondons1ng on tho 

cold aurtaoe of a toot specim-ori. 

A <a,eocir.ipt1on t11ll be. given ot the method and 

appaf'latus that t«i.s us®· to tu1f11 thta aim, and the wa1 i.n· 

1rh1ch the contro111nB te.ctora ··from th& corrosion standpo2.nt 

werG ·consid.et"od Md. duo provision ma.do for them. DG-taS .. lect . . .. ' 

o.ocounts of' thG corros1 ve o.ttac~. ..~r each salt sti1d.1~ will 
' ·. 

be tMJeompanigd. by thaories to e~plh-J.n the rnecMnism of the 

oo~ros1on. 



· Accor(J.1ng to · on0 theoey • . p\tl"~ iron will not 

corrodo ln. contact 'With·· pura water eyGn. in th~ presence of 

o:xy·g~. Perf:0ctly pure i1ate:f' ls not ragar>dad ·as being an 

electrolyt;e. ihe prase11ee of a fourth subatan(H~., a.n electrolyte,: 

. qven ·1n traces, is deGm::sd to be essential for C·orroslon to oeour • 

. . J ~l\ett. Frien~· ( 2) lent at:ro.ng support t,o this theory. It ts 

olsct~ochom1oal in no.ture,. bUt the following is ·the more gon­

sral1y accepted 'e1eot~chcm1oa1 th&o.ry. 

Aoeord1ns to tbia. the·ocy, ( 3) (.'1) (5)(6) (7} • the 

~sa.ction takes: plQeG through a cell between two a.reo.s on tho . 
metal surtace. At the anode surfacej the, metal sosa into sol· 

ut1on, while ono or mo~a COl"reepond.1ne; reactions ·go on al# the 

ca.thodG surface at thta sitme timl1>. The ·CUt~ent passea from the 

·anode to tho catbodo through ·~he sol11t1on:n.nd. back to thEI anode 

through the mat.nl.• ~cetrons fl.ow 1n the opposite d1rectioth 

It is 't:\ssumed that water nn4' air or oxyson are t .. he only requ1• 
.• 

s1 t0!?f t'or corr(."H;,1·ve a.tt~\~ullt. water is supposoa to be slightly 

1on1ssd.. 

H t.:O ¢ 11• + OU' . 

Whon 1ron is 1mmero$d. ln i1a.tor, an exchange· ot eleet,rons occurs 
,, 

·· 1o:ns ecrrespondins to a. oo1ut1on ot t0r.rous hydroxide.. Tht> 

. dischnrge.d. hydrogGn ions fo.~m molecular hydrogen~ 

Fe -r 2a• + 20H'' ~Fe•• + 20H' + Hz 
' ' 

If tho solittion is a.era.tad .and o:ey-.gen hna access· to t}}G f'e:rrous 
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t\Yclroxid•, it 1• ox141•414 to hJdnMt! temo hJ'4rox14• an4 

4epoa1\e4 aa ruat.. 

In order tor th11 t.heo17 t.o be true, it 11 neoea• 

aar;y tor iron to oont.1nuoualy pua 1nto aolut1on, and "thie 

dependa upon 1. the eolutlon preaaun ot iron, an« 11. the 

aolub111t7 pl'Oduot.[Fe·~ [ou•]1; Aaool'd!ng to J.w.Mellor (8) 

the reaot1on Fe + 2a• = re• • + Hi... 1 a 1n equt.11 br1um when It,• 

[ve•~[a• Ji.• 67 x lo-'" an4 a1noe, tor water at 1800, [it•] [oa•] • 

o.56 x 10-
14 ti.• k8 [Fe••J[ou•Jl• 2.1 x 10-~ Thia aaauaea tbat 

t.he ter.roue 1\vdrox14e la completely lon11ed. If the t.rue value 

of the ao1ub111t7 product ot terroua bydroX14e la leaa than k, 

eome b;v4rox14e will be preo1p1tate4 before equ111br1um la 

reached, and 1ron w11l continue to paaa into eolut1on. On \hla 

baa1a, Mellor ma1nt.a1ne that the eleotroohemieal th•Ol"J ha• not 

been aat1ataotor1ly proven, s1noe the value ot the eolub111t.7 

produot or terroua hJdrox14e u not aocuratel1 known •.value• 

lie on either 114• or the above t1gure. Oaloulated and exper1• 

mental reeulta t.hat have been given 1n literature area• 
-le,. -I<+ -1<:.- -t!:>-

l.6A x 10 (9), 8.7 x 10 (10), 9.54 x 10 (11), 3.9 x 10 • 1n 

the abaenoe ot oxygen• (12), 7.93 x l0-
1
s-(1,), '•2 x 10-1

"(1.4), 
-N -If:. 

1.6 x' 10 (15). an4 .4.8 x 10 (16). 

The aouroe ot Mellor•• value or 67 x 10-'~tor the 

equillbl'lwn pl'Oduot. [fe••][H• J,__ 1• not quoted.J and the result.a 

of H.O.Halvoraon and R.t.starkey (17) show that 1t 1• not oon• 

atant and varies with pH• Th91 4eterm1ne4 the equ111br1um 

oonoentratlone or both ferrous an4 ferr1o lone in oontaot with 

meta111o 1ron in eolut1ons or d1tter1ng pH values. The1r 

reaulte are ae rollowsa• 

pH 3.0 4.0 5.0 6.o 1.0 

[Fe•~ 2- -2- -'t -6 
2.7 x 10 2.10 2.1 x 10 2.7 x 10 2.1 x 10 

[re•••] 6.1 x 10 
I -l-

6.1 x 10 
-~- -~ 

_,, 
6.1 x 10 6.1 x 10 6.1 x 10 

From theae tlgurea, 1t may be oaloulated that. the equ111br1um 
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product [Fe~·J[on•J2.-1a Gqunl to 2.7 x lo-.i: Thie va.lue 1s below 

a.ll .or the values tor the solubility proauat quoted n.bove,,snd 

hencs, no prec1p1tat1on of' ferrous hydroxid.e_w!ll take place. 

This doos notmenn. however~ thnt corros1on~a.nnot oocut'. 

Oxygen 1s ,ons or tho requisites of corrosion: and the ferrous 

. bydrox1do in solution 1.s oxidised to form terr1o bydro:rl.de, wh1ch 

is precipitated. The figures of Halvorson ar1d Starkey result in 

an equ111'br1um proa:uct [re•• •J[ou•]3 
equtll to 6.1 x 10--32-, which 

. . ~b 
1s larger than the aolub1'11 ty product - 1.1 x 10 · (18) .• conse .... 

quently solution of iron will continue, and corrosion is possible 

according to the.eleotroohemioal theory.· 

When iron has once ·begun to rust, ·the subsequent 

progress pro<Jesds more quickly evcin. under conditions whero brtght 

iron would rema1n. uns.ttaoked. ·suggostione hnve beon made thn.t 

the rust nots oa.ta.lyticall)' as an oxygen os:r::~1er (l9l 1 e.nd also 

that the ruat is ve'ry por1oue ar~d hygroaoop!o so .that it becomes 

mo1ot nnd provides the necessary oloctrolytio oond1t1o.na. 

· J. Aston ( 20) has .shown that wet rust is anodic to bare iron, 

and henca at.tack ttl.kea place 1mmed1ately below the deposit • 

. ThG wet rust shields the metal from oxyeen :and. renders it anodic. 

Aecord.1ng to R.J.MoK~·(2l) the rust accelerates the corrosion 

f,n'two ways. 1. oxye:en .is romoved by 1ts reaction with ferrous 

eyd.rox1de, and 11. iron, which would aet up a count,er o.m.. f. 

in the o:r...ygen conoontrat1on cell, is removed by prec1.p1ta.t1on. 

J .• A,H.Friend (22} has suggeatod. a colloidal 

theory or corrosion 1.n vh1oh he expresses the view that iron 1s 

pasaive in d1ot1llod water in the nbsence, of a ,catalyst, and 

pa.esaa into . oolution only tt1 th extreme slow.ens, owing to traces 

of electrolytes that aro pre.sent. The d,1asolved iron is prob• 

ably at first present in, a more or less completely 1on1aed 

stat~ Q.S ferrous ions, but .is rapidly convert«! into the sol 
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ot tenoua h;r41'ox1cte. Thia ao1 then underso•• ox14at1on bJ 

41a101Ted oqgen 1nt.o the 101 ot a h1shff 1'f4rox14e, tv:rto 

bJ4rox14• aol being tol'lled. antler t.he mon taVO\ll'&bl• oon41 t1ona, 

and probablJ teJTOao-terrlo ta,dr0x14• aol vb.en t.he npp17 ot 

oxygen 11 11m1t.ed. The higher bydrox14e aol now aota oata• 

1Jtloa11J bf ox141alng metal11o iron wit.h :relat.1Ye rap141tJ 

an4 a1wltaneoua11 un48r'go1ng N4uot1on to a lowr b)'41"ox14• 

101, Onl.7 t.o be OX1d1H4 again .. OX7S• from t.he alr 41ftu••• 

tovarda 1t. In etteot, the theory or Jl"l'1en4 meana that the 

hJ'droaol or iron bJ41'ox14e aota aa an OXJgen o&JT1er aa it 

paaaea a1t81'nate1J between the terrou~ an4 tel'l'io atat••• 

Tho•• aalt.a t.hat f&Tour the ruat.1ng or iron are 

wppoaed. to pept1ae the oollo1d 1 wh11at tho•• aalta that inhibit 

ool'l'01ton are auppoaed to noeoulate \he 0011014. Thia theo17 

baa not :reoe1ve4 general aooeptanoe. u.R:.:tY&na (23) oone14en 

that 001T011on lnh1b1tora aot bJ oovel'lng the ano41o areas of 

lron wit,b a prot.eot.1Y• t11m. w.a.wh1t.man and oo-vortera (24) 

bav• shown that the etteot• of ealt1 on t.he rate ot oorroa1on 

do not YaJ7 oonoomltantly with the at.ab111t7 of oolloidal iron 

hJ'41"ox14e. 

The oon41 tlona under wtdoh oorroa1on oooun when 

vapou.ra eon4enae on a metal 11Urtace need not neoeesai-111 be 

e11111ar to oono•lft oon41t1ona 1n oaaea of t.otal 1•era1on, 

nen When th4t aurtaoe 1• aerated. lt'V'ana (25) oonduotect qual• 

1t.atlve teete 1n the p:reaenee ot tumea ot volatile reagent• 

when 1.nYeat1gat.1ng ataoapherio ool'l'Oa1on, and found appreolable 

at,taok on moat aetal• when oon4enaat.1on t.oot plaoe. Th••• 

teat• were all done at room t,empen.tun, anc1 the 1111u14• n­

plo7e4 were •91"1 oon••'rat.ed. &.And.eraon (26) •XPN••ecl the 

new that tbe oorroa1Y• action ot a1at.e an4 tuaea 1a the ••• 

u t.b&t of the re1ult.ant ao1ut.1onah However, he oarrled out no 
ti . 

Q\1&11f.at.1ve •xPel'iaent• to obtain ver1t1oat1on ot thi• theor,. 
" 

Aa long•• the temperature of oorroa1ve gaaea 1a.ma1nta11*! 

above th• 4ew point, ueuall.7 no aer1ou• col"l'Oalo.n reaul ta. 



-
.In many aa.sou, the go.ses whieh carry the auapended ma.ti'3r1al 

as a Il'tl.ot or fume may SGl"Ve to form a proteeti ve ooatins. eo 

. that metals and alloy a may at tlmoc be t~uecu~£?stull1 used,. 1n 

the prasenee or ,Q m1st or tu.mo (26),;, 

W;LitBa<if!O'r (21) d1at1ngu1Qhe.s tout" types of con• 

densatton o.t 11QU1d.s from th¢11" vapours. 

1. Droptdse oon<lenso.t1on is that case whero thG con• 

densa.te does not- ~tot the surfs.ca (')f tho . mGtal on ·which the 

vapour is condeneins• On1y drcpa appear. &'ld when l~rgo ·enout;h, 

fall oft as .. euch• 

2. Film~typa oondeneD.tion is ttmt case in whl.ch. tho · 

condensate tfete tho surta.oe or the oondonsGr. · .. 

:;.. Mixed ooooensa.t1on ia ·tt cnsQ 1n which certain 

e.ren.a are· not wattt'ld. and oertaAn· other areas a.re wetted,, 1.e. 

some area.a r..r~ dropwise and. t!IOmo are fi'lm-type. ·· 

4,. The oaso occur.a where the trhols ot tb~ surtaoe is 

not WGtted and yet approoiablo ar.c:as m&y be blanketted by 

streams of ·condensate. -In this case the str~ama of .oond&nsate 
' . 

ao not nave a fixed. poa1tlon but.move about across the eurfa.ce. 

The type ot cond.E)ns:ing thtl.t takes place d.op<i>nds 

on thG nature and eon.di tion or the sur:ftiC,(!),. Dropw1se. 0<11mden• 

sat1on cloes not usually oeour unless the <tooling sur':tace is in 

some way eontamtnatfa.d by nn o1ly s11batance~ tfery smooth or 

Polished surfe,cee do show a tend.~moy to .1ndttC(.J d.ropwiss conden­

f:lttt1on without thc1l knotin presene~o o.f 011. Ol~a.n ·steam normnlly 

condenses in A tilm on claeJl aurtacos tthethor rough Qr omooth. 

Film•type condensation can occur on vary :rough of!' very foul 
. . 

eurfaces oven if coated with oil. [28 h 

condensat.ion, even on non-wetted: surfa:eeo such 

a.a an oily f,!Urfaco,. beg1ns a.t vary alight supersstur>ation. 

Tho deWdropn al,~ays form nt tho same a.ot1vo centres whl.oh a.re 

probo.bly spots on the aurfaeo wherothere. are imputJitios whose 



.angle of co.ntaot with water is .smaller than that of 011. Con­

dGns$t1on on metals begins at very s11.tr)lt suparsaturat1on., . but 

on a~y!ne; anci ~epes.17.l~g,· lt b~g1na above the .det1,Po~nt. in the 

ce.sa ot non•noblE) metals •. · T'h1e 1s Dinertbed to the ·pr$sencc of' 

.eolul»le impu1~1t1ss in the po~es or t,he motal, .and.· may ha.vs· an 

important· bearing on oorros!on ·(a9). 

The co~ros1on ·or 1:ron ·or steQl by a ·drop or . 

. liQU00US liquid d$Pt1?lds 1n most cases on &leot:roohsmloal·actt.on 

between. the cGritral, unaornteci. portions, wh!cb. become anodic 
l - . . . . . ' ' 

and sutfGr a.tte.<Jk1 and tho pe!'lphs:t"al a.eraitoo po.rt1ons, wb.1.ch . . . -- . 

beeom~ oa.thod:to and 1n g,e11ero.1, rGma1n una.ttaok.ed.. Tho veloo• 

•. 1ty ·or attack depends largely, on whether the oathod1o a.nd 
.. . ' .. ~ . . . . 

. . . 

'tba anodic ;product., ferrous ti.vdrond.G, 1s perceptibly eolublG, 

mid spreading outwards, bacomt'Ja· oX141s®· at th~ junction bet• 

wean the Aerated ana· UMGrated rog1ons~. yioldlng ta.. brotm ·ring 

ot the nea.~1y insoluble fe?Ti·o. h.3<i~oxid.e, tJh1ch also ~xtend.s 
. ' . ' . 

. . 

· over t·he top of the dr*OP as a meml:>rane. . Thcae werie the con• 

clus1ons d.ra.wn by u.R.1.r:vane (30) t'fh<> t,.;ar~ied .out tests on cor• 
. . 

ros1on under drops at, room tempern.tt1res. Ut"R.~ana,. t.c. 
Bannister and s .• o. B:ri1 tton lutvG sucoesGfully eonductad •ex.per-

. . 

. . 

tiOJ:"at1on cells, anti shown thtlt. the amount; . of . oottosion ,1.e 

equ.1 valsnt to t .. he cu!lrent f'.lowtng ( 31 > .• 

J\Gco:r<'U.ns to A.A-Warnes and. w.S.TJa'Vf (32} cor .... 
. . . ' ' 

~eion occurs in the mild st·eol still· heads ot tar. dlstllla.tion · 

equipment du.e to the vapou:rs "l:doh are given ort during tho 

procGaa.. Tlle mechanism or the process o~ 11orrosion is a com-
.. ' ' ' . 

pl:1co:te4 one, and, they found it d1tt1cult to form a theory to 



fit in td.th all thG conditions that ma,y exist 1n the still, 

The1 w,aro of th~ opinion that the dissociation of ammonium 

ch1o:ride, ammonium aulplrl.de,, tanmon1ut.'1 hyd.rosulph1de and ammon• 

ium. cyanide, and th<ir"aubsequ$nt aet1.o.n of -the d1ssoo1atton 

produota UJ;>Ofi tho 1l'Ot1i,; WQS thG chief OAUSS Of eol!"rosion,. '!'he 

pla,t,es tv$re ea.t~n away a.t e. ~atsr speed at ihoaEa points tl'n.ero . 

. exceesive eondones.t.1on takes place, $ild. this 1ta d.ue, in all 

~robab!lity, to th(} oontinuous :tlot1 of 11qu1t'l removlns thtJ pro• 

ducts of oorronion more rapidly, nnti thus_oXpos1ns f~ash aur• 

fe.oe or·1ron to tho a.tta.ok. The finnlproduots into whioh tho 

COX"!i'Oded iron ta convei:-ted 11 a.ppoar to be terrous sulphide and 

ammonium ferrocy.an1d~.. At11tnonium thiocyanate. or.curs in small 

,quruit1 t1ea. 

!io 1.nvest:t5at1on wtis ·ma.de b;:r wa~nes and DaV'y to 
v~rify this opint.on. lt would tberQfo~e only be true to state . . 

di ssoc1a.t:1on prod.uot.a1 causes t.he oon·oeion. Though distill·· 

s.tio:n ot ta.r ·products star"ts Qt ao0 o'& tha temperaturs range ttt 
wb1oh most· ot th(:) ooal. t~t> is dlst~~lled, 250°0 • '3sooc, ts vor:; 

mu.o.h high.er t,han tho ttsmporature · o,t whioh t.he expor1ments . rs• · 

corded. in this. thes1s,0 varG :oarrted. out. Also :U.ttl~ or no 

QO.ndensat!on. Of 1.tllter vapQU.lr tekos plaoe, Wh10b plays an .1m• 

portant ro1a in corrosion by oontlensine; vapours trom hot sol .... 

utions. .It ia the.ttefore likely that d.i~eot s.t.taok by the de• 

composition products ts e~orienoed in tho t,a.r d1at1llat1on 

equ1Pi1ent, ·t;;Uld 1s not of the ,na,tuire of. oorros1vo attack d.ose~1hed. 

in the tollol11ng pa.ft'3S• 

S.EtWhitshead. C33)' found that florros:ion of \. 

wrought, iron .and. mild. steel. in benzol planta only apptJll,~e-d when 

th~ gases oonta.irt.Sd ammonia* Ho did not, however, att~ibutt; . . . 



l:ae present. The au.11'•1• ot 4epoalte tl'Oll ooft'04e4 Pftb•\9J'I 

a1w.y• oont.unea a talrl.7 luge PNPoft1on of •JWPD 10QOUD41t, 

*1•h U"9 WU tnovn t.o be h18h11 oorroatw. 
The 1nTUt1ga\1ona trhat. haft bMn oar.riet out, oa 

1m0rd.U11 aulph14e npoun 1n41eat.e that eorroelon 1• not. 4ue t.o 

h14l'os•n au1ph14• 1n the Pft•4tno• of aaonla. Wh1t.•hea4 INP­

poM4 that. oorro11on vaa 4ue \o 01an14• ooapoun4a th&\ are pro-

4uoe4 bJ t.he Naot1on between anonia an4 oarbon 418Ulph14•• 

3QS,_ + 8HH3 ~ Hli't-CNS +- (NH)l-8 3 + 2.NH4-0R + 2Hi.S 

ReaUlt.a t.ba\ haw Men obt.alne4 1n teet.a with auonlwn t.b10-

01anat.e, go to llhow t.bat. \hie nppoe1t.1on. 1• pro'babl1 oo,....t.. 

The advlo• to ellmlnat• all t.raoea of auonla trom t.h• gaa 

betoN 1t.1 •"7 1nt.o tJl4t nrub'btn1 1• therefore aound. 

SUJU!ARX or fllPI)JGS 

The g..-.1 oonolualone arr1"4 at. tblOUgh the 

NIMl'Oh 1nw1t1pt.1on of oontenaat1on oorroa1on 4eMrl'bel 1n 

t.h1• thMl•e are dealt "1t.b 1n thl• eeotton. 
The oono11on of a 1iaetal bJ oon&enaing npom-a 

ou be 41T14e4 into t.wo t.1"• aoeorct1ng to tlMt wa1 ln wbloh 

oon4eneat.1on '8.k" plao• on the met.al eurtaoe. In the tlN\ 

tne of a\teok, 4ropvi•• oon4enaat.lon N8Ult• 1n the foN&\lon 

of ctror-oe111 in whloh eaoh 4rop of 11ctUl4 torB• a eepan\e 

· el•trolJ't.le oe11. conoe1on oooun on aooount. of 41treNat.1&1 

aeration. Th• &Na Juat. within the outer edge of the ctrop, to 

wbloh OJIJgeD bu tree aooeaa, beoomH a oat.ho41o area, vh11• 

\IW bner port.ion of \be 4r0p1 fl'Oll wblob OXJpn la eomparat.1..-

11 exelu4ect, beooa• '"19 ano41o area. I' 1• an ••••t.lal of 4l'OP 

oell a\\aolt that. OS'.JS- 'be preaen\ t.o Pl'ft14• t.be neo•••al'7 

e1•t.rol.1't1• ••n41\1ona, ao \bat. t.h• no1ua1on of oxygen PNY•ta 

eonoalon of t.hia nat.uN. The Mt.\ reault. ot 4rop-oe11 att.aok 

-----------------------------------~ 
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1s that corrooion takes t,he, fo:r.m of p1tt1ng under th$ dropa. · 

In the other form of corrosion, d1reot attack of' 

. th$ ·whOl$ sul."'taoe of the metal is (jffeotod by con&enso:t1cn of 

the f'llrn.•t;ype~ In this .(Hl0$ 1 ~.t is .n.c)t al:wo.ya neaesaary f·c.S:r 

o~gen to bQ present,. and. eorrotd.on. has been obtJa:rovatl .1n. its 

a.bae11cs... Though f11m•typ& ciond~nsation •e tuu10<)1atad with·· 

the sever$at atta.01~. ,.t·· wtA-s also pr>os~mt 1n the oaaes or· com~. 

plats freed.om from 1CO:r-~oe,1on, ·und .ividently ma.y· Sifford a m.~a­

GUl"e ot proteetion ttn<l.er·oert.ain oi:roumstMC&a. ~op-ee:t1 

attaclt ma.v be mors da.ngerotin from t:he stnndpo1nt or ·railur~ of 

chemionl plnnt; ai.r.t.l"JG tho· panotri:\t1on may be :g,r.aa.tt')r oven tbottgh 
~ 

the tota.1 1oas o·t tneta.l 1. ~ l~t;jG. tht-111 tht &xper:i. enc ad ln SOm¢ 
. I\ .. 

oases ·of dirsat attack •. 

In. gQne:ral, th.ti tlmmon1um ion played 1ltt1<!) part 

in ths meebt'..n!sm of eorronj.vo nt.tack,, arl.d the governing factor 

, was the anion asaoa1a.ted with 1:t. The total oc:rros1on var>ied 

from oomploto prot~ction to extremely t"1Gh. :rates of attackl!I 
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JhHH~rtnh1 amount of work was .done which .provided 

iexp$1"1enoe_and'.an 1n~1ght ~nto.the problems an,d factors tha.t 
. . \ . 

needed. ~ttention, in ort\01'1\ ooequatoly to. fUltil thf: aims ot tha 

1nvest{gQtion. A s~mt>l$ · a;ppar.Q,tu.s was set up, and .a number ot 

toots were carl'!ed. out. · 

' . . ' . 

co.rrosion ot the· mild a~cel · t()at pieoee by the condena1ng vap-

ours, aons!.;ted. or. a l 11~-rG flask wh!ch contained. the aolut..1onti 

· This flask Wt\S heated and ·ma.1nta.1nE;d n.t a. constant t"1:nperaturo 

by a Glascol GlGctr1C: heating ja.clt$t contrcllad. throue-~b .a. Power• 

.stat var1nble t~t.Ws.former. J:t was ·thus possible to ki9op tho 

temperature oonata.nt t~ -1°e. The flask was conneatetl to a· 

corrosion ch.amb$r by a glass ti;. be which passed. d.own. "to ·the 

bottom ot the oor1~oaion chambrat nnd ended in ll horieontal r.1ng 
. ' 

w1tb evenly apaoed he.lee a.r-ound·tne inside., This ring was. 

·COVGZ"ed by Q iayGr Of glass bee,da to evoo the tlow Of ~~APOUr 

over the whole .erot!ls•seot;ion. · The parb ot tho fl].asa tube­

betw~Gn the flask· t£nd the eorro.sion cl",;o.niber 'bhat wo.s expos, ed., 

was la.ge;ed with asbostos st.ring ~o oonservo heat an<l to m1n1• 

misa condanso:tion.. This was not a.lt,ogether ettoctive at a C$r:- .. 

tain amount ot con<f.ensa.t1c.n al~-a.y_a took place during th~ .expot• 

1ment. ·:rhe cor-rosiort enambe:r was e. 6!· inch high, 3 i~ah dia• 

mater Pyrex contain&r that was fittsd with a lnrge rubber bung 

at the ~op. . It was kept nt ·.an evon temporatur:-e ln A thermo• 

sta.t1ea.1i1 control1ed wat.Grbnth•, vhi,oh was cont1nuol1sly stirred 

by a .motor driven atirrar.: 

,Jl.ir waa dr'tawn through the· solu,tion in. the flo.ask 

and ps.escd i.nto the oorrosiori ehamber 1'1here it came 1n contact 
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Plate 1 . First Corrosion Test Apparatus . 

Plate 2. Modified Corrosion Test Apparatus . 
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wt.th the. test pieo$Ch The test pieces ware ~ inch extornal 

diameter, A. inch 1ong w1 th the walls l/16 inob thick. . T}).ey 

weJre o.f mild atee~, and. ttero cooled b;y a at ream ot tm.ter> fl,ow­

.ing through the ineid.s. This caused. th& vapours to ·condense on 

th$ oato?> surfacG• · The air flow- was ma1nta1ned. at n atendy 

rate by kespine; ~· constn.nt· maaomoter head .on a oapi.lle.ry :floW'1" 

mett:lr at· tho ~n1et ·Of the appa.fia.tus. The cap.~ll.ary f'low .... metGr 

was :sraduated. by ma1nt~inins various conatant heads and meas­

uring th.a rate or t'J.ow ot air b3 displao1.ng a 4efin1to volume 
' . ' . ' . . . 

ot water from a atandard flask and. noting thG time ts.ken. ·From 
'•. . . ' . 

these results, a ,gtoa.ph was ·drawn from lthich th.e volume rate of 

flow eould be rsa.tt.. (Figura 2) . 

'I'h$:r(!) vere o&rtnJ.n drawba.oka to·thia pl"elim!nary. 

set-up, tirh!oh were reetif'ied in thG final a.pp#,1,ratus. 

1--. on account .. of. evaporation from the op'-'n wa.tarbatb., J.t . 

had to be topped. up w1 th ~at er at eo0.c from time to time dur1ns 

tests. Thie mennt eonsta.nt attant1on1 and no t$stsof long 

duratio.n 1could be J)errorrned.• 

2. Th.ere .was an undesirable amount of condanse.t1on in t1hG 

tuba between the i".lnsk and the cor~os1on Cl¥1mber in ·Spite ot 

thG lagging.-

. :;. T:h.e condonso.te :r:rom tbo· test p!eoes eollecrtod in tba 

bottom of' the corrosion eh.amber~· and blacked. the d.1atribut1o~ 

holG'th !.t wao ovor>como 'by· w1tbtirawin13 oondensat& period1oally 

though a. e-lass tu.be.- The ~lass beads, also,· had. to be taken 

· out and. thoroush.1y washed. bet€wee:n each test. 

d. 'l'hs tost spGo1mon could not be watched ~titting a test. 

nenae, the type of ·oond.e:nsat1on and tho proe;:r~sa ot corrosion · 

could not 'bs e~en. 

5• '!'he rat$ of tlow of cooling watat' through the test 

p1eOS' W4S not constant,; though tho t"lo\f Vas .adjusted to .approx­

imate~ 250 <'•<h })er minute. Thi.s would natttttally .a.t;feot the 

condensing cond.1 t1ons, and the temperaturie of the surface ot 



on. :001mne;.1oil.1s corroa:t.011 tosts ,, 1 t was not$d 

the.t the. coolh1g wtttsr t1as att&ekins the inside au:rtaoa of the 

test p!toee. Th1s wv.s grotl.ter than tha co~~osion by. tho eon-.. 

. d(;;nsing vapour 1 ts elf: and 1 t wss 4ao3.dGd to· coat the lntorior 

surface of tt!s teat p1eoe w·ith a pro1~®ting mater-1:al. To do 

this, a aolutio1l. ,of Perupox in amyl a·cetat·e wns u~ed,.. The 

coating wae tost~ for a pe:riod of 65 hours by .Paasi.ng cooling 

we.tar th1~ougr1 a spocimsn htt:ving the- outGr> eru:r:f.QCG protected by 
. . 

a layer Of ~etYise; thG loss .bl t'10ight .amounted to a quo,nt1t.y . 

or 0 .• 0001 8J. per hour. Thia :r»osult is a. hish tiguire• and enothr:r 

test for 17·hours gave a figure 1Eiss than h13.lf of' this val.ue 

1.e~ 011100003 Str. por hour. For. ·the short te~t p~r1ods,. the prob­

able l.oss 2,G lese t~b&n thE) e.ectu·•:M'Y ot tho weighing, and for 

t;he longer per1.od,s, the lose is Bmtill enough to be noglocted. 

A eetriG.s. of' tests w&:tla carried out 1f1th t!U.stllled 

wato}J 1n M1e flask., A suf'f:1o1ent number ,of t@ats. Wf.lG made 

to !;>lot. a graph ot.' c.orrooion up t~o 6 hours ebJ.ration ot time. 

The longest pe:r1od he.d to be l1m1 too booa.uae the ·watsr ba.th 

had ·to be topped up . por,.ocU.~a.lly to . mo.ke up for evaporation 

losses. · The proeH~dure was ·earetully tollow~d .1n en.oh ·exper ... 

1mcmt. and watl ne tollowsi 

T·hG .oond1t.1on of the metta su:rfaee; 1e very 

itnport,ant ·from the ootit"'osi.on ~tand.point, and the amount and 

even the :nature of the att.aelt may· be cons1.derabl.y e.rretrtt1d by 

d1ff',arent :suri"e.etl cond.1t1ona. 'l'h.te is part1c,u1ar:l1 the ,cs.se 

in th.e initial stag.ea of the eor>:r·oeive a.tta.ck •. A poli.shGd . . . 
sur.f4oe ha,s the ei"feot of delayin,g tho 1nit1,~tlon of attacl:i.: 

i'o~ a ooneinerable pe~iod ( 34.). · The apec1n1en 1'SS ther~ro~e 

careru1a, pr~pa.roo. baf'or·e ilaoh test+ It, wee smoothed Ci.own 

vith :CJm~r;v cloth. No .• o being the final grade uood. A surraoo 



was ohta1ned that wan omooth but no~, ;10l1shed. Tho la.at rub 

was tJ.lways done b~r hSJ.td, beoa.usn speo1rn<:n1s mt:i.y be different 

if the r-r1nd1nc of one has been more vie:orous than the other, 

since isola.ti~c1. ruu:rnoe or o~.d.de punhed down below the eurfaco 

may vs.ey 1n such oaaoa, and arreot the reproducibility of 

results. Jn orc1er ::.o prt...)vo.r:.t the pom11ble presonco or e;lue 

from the emery cloth, the test piece was then washea in ethyl 

nloohol and ~ther in turn. ,"ft<?r ~~ry1n:~ in o. deo1ccator, 1 t 

was weiz:hed carefully. L'he 1nter1or surface was coated with 

a f11n of' Perspex by pour1.nr: aom~"' eolut.1 on iuto the apec1men 

a,nd then pour1nc: lt out ar1t1n. ~u.ff.1o1ent aclherea to the 

surface to proir1de an aderp1nte film of uni. form th:lolmess when 

driec1. .,..he s::,>oo1rmn is now ready ror test. 

ln the meanwhile, tl1e temperatures in the flask 

and water bath were raised to eo0c and a1r was d.rnwn through 

the eystr'm at n manometer head of l inch of water which 

corresponded. to a rate of. flow of lf'~) o.o. por mlnute or 

1. 7 1ncfr,ea per minute over the specimen surface. ~ater tho 

water 1n the manometer was changed to llrht oil Ainoe it evap­

orated too rapidly. coo11nt~ water was run through the test 

piece at about 250 c.c. per minute, and 1t was inse1*ted into 

t.he oorros1on chamber when steady cond1t1ons obtained. 

Upon OO!'f!plet..ion of the test period, the teat 

p1eoe we.s remove<l snd cleaned of a.11 the eorros1on product. by 

rubb1nc; w1tlh &. soft cloth. ~.;o ot.her method of re'I!oval was 

deerred necesstU"y as the product was very looee. The Perspex 

coat1ne; wae removed by thorou,"'"hly \\'ash1nr:- with acetone. 

Finally the 9peeimen wne w1:tahed once 111or~ w1 tr alcohol and 

ct her; 3.nd on dr.y1nr:, it wee we! ehed. The process was repeated 

until fl!. coneti:int we1cht was oht~:lnec:1. r ln.rr:e number ot 

express1one or un1 t.a nra used to express the corrosion res1s-

tanoe or materials. :· e t,,he weight of the specimens was deter• 

mined in grams, the tern adopted to express the amount of' 
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coflroe1on·was m.1111grams per square decimeter. only whole 

numbers need. generally be used to rsc:<>M co.rrosio·n ot .any. 

praet!oal aign.1f1eance with thio te.rm. 

oorrooion took the form of pitt1ne;, and a yellow­

brown cortiioai,on product ·was fomed over the pit holes. In one 

·case n ·veey h:tSh -result \tas obtained ~ihioh. •. 1.t is be.11.oyoo, 

~as du$ to .surface contam1nation. · Th& re~ults of the tests 

· wer.a plottE:?d ·on a graph (li"igurG :;) , which gave a.· smooth curve 

and showed an 1norsas1ns rate of corrosion with time fot.' the 

par.lotl uncler consideration. In view of' .the subsequent t·ast 

results with the f.inal apparatus, it should 'ba not~d that tttl1 

tho water vapour corrosion t·esta ·were dona on the same pteoe 

. or steel i.e. test p1eee No11.Il. 

RetGr~noe 'ta.a madG by Nosale'V1Ch (35) ·that, or 
· the ooneti.tuenta of ammoniac al liquors, t,he most dangerous from 

a corrosion stand.point is ammoni·um ·thioeya.na.te. • par>t1eu1a:rly 

on ncoount of possible accumul:a.t1on. Th.ts substance wa.s the. 

f'.1r-at salt to be examined w1'th raga.rd to oorrosion by vapours • 

. ' 

E[fgg~ ·<>f..-lnepluble._ so;tid.a. !n .. !tM . .c~2'-'ttton ;, 
A dllut·e solu.t1on ot ammo.nium th1ocyrlllate ·was boiled.,· but 1t 

was found toot no thiocyano.te was carried over 1n t~hs vapours 

until a conoentrat1on o:f o.bou.t 9jt in the mother l.1quor h{!,d beGn 

reached. On the other. hand.,_ when flowers of au·lphur v1aa added 

to a t:iolut1on • sulphur is preoent in the i:'esidue roeoeivor of 

the benzole recovery plant • dic;t.1nct signs of thiocyanate were 
,, • J, 

shown in the 41st11late when spot·t~eted with acid.1f1ed ferric 

n1 tra.te. Ind1cat1ono werG shown in the vapours trom. a solution 

with a concentra.tion as low as o.9;( ammonium thiocyanate. 

Ammonium. thiocya.nate is appa.r&ntly vapor1e·ad as such, sinoG · t 

ther~ waa no 1ncU.oat1o~ that, the oornpoukJ ·deeomposad in the 
' ' 
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Plate 3. Spot Corroded Test Specimen. 

x 2 

Plate 4. Streaky Corroded Test Specimen. 

x 2 



vapour pha.ee. · The'. vapours were tested tor p:robable deoomp(:»• 
( . 

aition products - ~mmon1a. .and hydz.ogen s11lph1de ·- :with nega• 

tiv·e rssulta. It :~ms thought posatbl.e that tho effect wns dua 

to a ce..~alyt .. 1c reaot:1on.. nut it wa.s necessary to user· a. 5 gram 

quar,t1ty ot sulphur to.proaurs d.1at11iat1on o.t thiocyttnato, eo 

this theory was ru;ied o~t. Other insoluble solids produced. 

the .Satn$ phenomenOJl't . Chips of' porcms pot ·.and powd.ered quartz 

·were found to ea.use d1et1llat1on of ammon1Ulll thio~ye.na.ts at 
. ! 

low ooncont·ra.t!ons:~ 

· Tbe1 effect is depen~f>nt on the area. ot. the 
I . 

surface $'l£PO.se4 ·1n
1 
t:he solut1on a,nct not on th$ total quantity 

. . . ; . . .. .. - . .' 

of aolid present. : Fine chips of' porous pot had a.·greatGr 
I 

ett~t than the samet wej,gb.t o·f large plee&s., There was also 

a · decrea·so 1n act1vi ty t1hen the awne porous· pot we.e used mar~ 

than on.ca. · Thia i:Gd to tho sue;geotion. that the £flight aeid1 ty · 

of tho material px,omoted the r-ise ot vapour pressure of the 

ammonitlm thiocyana;t<h · Howave.r, 1nvest:1ga.t1o.ns by Gell (:56) 
.. I . 

showed that this was p~oba'bly not tho case.. The conolusion 
I . ' . . . .. . 

. th~refcu:"Gt is tha.tr d.1at11lation of the a.mmonitttn th1ooyanate is 

brought about.by ~.surfacG aQt1on by the insoluble solid present 

in the aolut.ion,. NGt tl.11 ine:olubl~ eo1ids have this r-ea.ctionJ 
. i . . . 

for example. bt'oken .elasa 1s .:inactive; and. tbs exo.ot meohaniatn 

ot the phenomenon. ,1 a unknottrh 

. . 

.in th~ residue J?OQeivGr ot tho bensol~ r.oaoveey ple.nt oonta:1ned 

2~ ammonium thiocinnate, thia was thG ooncentra.tionuaed for 

ths solt1tior1 in t}1e fl.ask. ti, q,uantity of powered Gulphur .was 
I • 

add<!1d. (about 5 gmma). T1trttt1ons of thG solution with N/10 
! ~ 

silver nitrate we~o made betoro and att0r 1ea.ch test using 
I 

r err1(.l n1 trate 1n.cU.cator ( 37). In no case did the coneont:ration 1 

alt~r by mor~ .thrui 0.11. tho m~an ·value liuril'lS ea.eh t'$st was, 

1n gsnorQ1 0 ·2~0~ .•. 1 An endeavour was matte to measure •t'be a.mounts 



Test P1ace · D11rntion oorrord.on. . Cor-rosion Condensate on 
No. ot Test. 2 , specimen. 

t~ours mgm · . ingm/d.m • o.c./br. 

Distilled· vat,or vapoura. 

lI l l~~ 2.0 
-II 2 2.0 3.3. 7.51 
II 4 ·-1.3 ~.2 1.1 
I:t 4 1.9 6.6 
I! 5 23:.2 39.2 
!I 5 5.6. 9, •. 5 2.0 
II 6 1.12 l~.,5 2~' 

21' Ammonium Thiooyanate with Sulphur 1n suspana1on. 

IV · lh.lom. 2.1 :;s.6 
I 2 4.9 B.3 
:r · J 12.a 21.6 

!l A. . 21. 4 . ' A.6. J 
I 5 9.3 15.7 
I 5 ·23.1 . 39.,0 

t11 s 11.1.a 2s.o 
IV '7 20. 9 35• .4 
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ot water vapour rmna1nr over cur1np- each test by fYJea.sur1ng the 

volume of aolutlon 1n the nask before and nfter each test. 

Thia was not very a.ccuro.t,c on s.ooount of the solution tt1e:'1t re­

mained. ln tho flaalt ac1hor1nr to the a1doa after 1 t was poured 

back 1nto a 500 ril. standard meaour1tit'7' flasI~. F'rom these rough 

f1 gurea .i. t was cnloula.ted that a 1:iout c. 07 ;:11. n.m..'!loniurn thio­

cyanate passed ovor in the vapour per hour unc1or the oond1t1ons 

of test, which were the same as t.hoeo for water vapour. No 

atte~pt wne Ma.de to absorb tho vapours for analysis, t.houph 

menne for that purpose were under cona1darnt1on. 

The first three result.a foll on a smooth curve 

wh1oh showed e. s.tw.rp rise in rate of attao1t. Further tests 

r:,ave vary1ne: resul~a which were much below the curve and (:1<1 

not asree with cmch other. It was firot thourht that the low 

varlal>le reaul ts rn1pht be C!uo to tioieture oondene1rw on the 

ooo11ne: water tuhee that wero exposed. a.bovo the teat piece. 

Thie water would run clown nnd blanltet the condonal\tion of fur­

ther vapour on the spoc1rieno thtmselvee, and yield f11M•type 

condensation. ::owaver, whon this fault Wf'!B corrected, more 

tegto al~o fail&:'.l to ,...1 ve rcoults that nade any approach to a 

smooth ourve. These test.a wero ma.do on diffcrcHt test pieces. 

tn examination of phot1orrapha of the specimens 

showed that the f1ret tests resulted in corrosion in the forri 

of numerous small roum: pi to wh1oh were evenly spread over the 

ourface (l'lnte 3). Tho later tests ahowea corrosion in the 

form of lonr E1tronka interposed 1JJ unoorrodod patches (Plato '1). 

It wao thourht that t11eso reoulte were clopcndent on t!'.'le type 

of condeneat:lon ooourr1nr on the surfaoen. Tho rounc1 p1tt1nr 

coulc probohly ho due to clropwise condensation; the streaky 

corrosion may ooour wl th f1lm•typo conClenoatlon which l:ms 

at.reams of condensate flow1nF down the aurfa.ce. It was •• ot 

).cnown why c1ifferent t..ypoo of condensation should take place, 



ae the surtaces'in snch co.so were 1dont1ca.l ttnd. had bGen pr&-
. . , . . . ' 

Tests w:lth thie ,flpparatus. were d.1soontJ,nusd. · 

and an 1mprovsd·set•up used. 

: 

.. 

. ' 



The pN11mlftU7 t.eet apparatua bad. a mut'ber of 

clladftll\agea that haw been 11a\ed on page 15 of th11 t.hta1a, 

anti oonaequent.]J a oompletel.J new UT&Dg•ent waa made t.o cm.­

oome tbeae 41tt1oult1•• Mlnor alterat.lou were lnt.J'IOd.uoed 

1nto t.he tint aet.-up of the new 110d.1f1e4 &ppaNtue u laproye. 

11ent1 were tow'4 ach'&Uageou1. The general 11•tem 11 4eaoribe4 

below, anct 1• 111uatriate4 bJ a 41agraa. (Figure 4) 

slnoe \be ... hanloal tlowet9re that were a'f'&ll• 

able "" unau1\a'b1• tor uae at. preaaurea other \ban ataoapbel'lo, 

S.t. .. ueu11.17 t.o 'blow a1P tbNUgh \he •1•\• 1n8'N4 of ua1ng 

Rotton aa. 1n the tire\ apparat.ua. The water euot.lon pnp vaa 

oommed into a 'blower bJ' oonneotJ.ng th4t eJeot1on en4 t.o a 

large 10 11\re 'bo\tle (A) vb.eN the •t.v &net &1P an aepar­

ated. The •ter PM••• up a tube and owrtlow to \he 4Nln1 

unta preaaure of the water O'Nl'flov h-4, the a1P 11 'blown 

\bNUgh the •1•t•• The preaeure of the air 1• oont.roll94 'bJ 

a ivaroatatlo r.leue h-4 (a), anct a oonetan\ et.reaa ot ••••• 

air paaaea 1.nt.o the a\aoaph6Ne The rate of tlow ot atr tb:NUgh 

the apparatua la NgUJ.at.tld. wl\h a DM41• ftlve '° maint.ala a 

oomtu.\ Ml4 of ii lnonea on a oap11laa7 n.owet._. (D) whloh 

gav. a n.ov rate ot 100 •••• per at.mate or 2.3 1nthea per 

111nute ner \be teat. apeo1m-. 

The air ,..... tllroqh eo•atratet aulp!mfto 

ao14 to 417 1 t, then up a WW. of oaua\lo eo4a pellet.• \o 

r•n• oarbon 41ox14• an4 to enaure tba\ 1 t 11 thol"OUsh17 41'1 

(E). Th• pure dr paaaH \hrough a 0011 1•W8ecl 1n t.he M1u­

t.1oa 1n the tlaak (F) tba\ la apt at; a oona\an.t Wmperat.ure 'b7 

a Gluool eleotl'1oa11J' beat.eel jaout, wh1oh oan 'be oontroll .. 

to wit.bin at leaat 1°0. The as.r la bu'b'b114 t.b:NUgh the aolut.lon. 

p1ou up vapour, an4 •\era the outer oono11oa ohaber tb:NUgh 
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M mmular ring with evenly spaeed·ho1es ,flround the 1nsi.d.o. 

1111~ (lo~1dA'Jn Ct'dtfilb$r 1 s lagged w1 th . asbestos . pn.psr, o.nd res­

ula.tsd in tempelt'a.ture by a.n alr tn~rmosta.t (H) .. OP(l)J:":tltins a . : 

heating coil that l$ · t1ound. rt)und th.G Oht..mber. · A . gttp is le:f't 

.1n .the. asbastoa 1aiggin.s tor .obse~1at!on ot tho ·apGoimen ·4u:r1ng 

test~ . An air themost#l.t wits UB._,c,\ for control betUlUS(.) a liqu.id 

.... control <lad not operate as quickly. · Between . tti~ • flask anti. the 

oorr()sion aham'bmJ' provj,s1on 1~ .nm.d:G to~ vapour to be dra.tm· ott 

tor tmaly.aie 1n e..n ari.Aly~1.e li.iie CK). "£h.G hot ve,t;ours rise up 

the outQ1'3 obamb'i1r ~ tl:len pass .down ·t!in. 1nnor o.on.tttinett in 

which. the tes~ p1G~a (J) i.s .t:>lnt.utd.• Vapour condensoa on the 

test pt.ecc Ma .. tr'.he rema1n1ng gas 1011ves the. chnmber through an 

inV'11'4te<L L-p1ec~ at -tlie bott~m. 

the gases tor n.xmlys.1.s and from. the col"rc>sion · 

obfi;mber pa·ss t!lrst'. through a. otu1dense:?' and. thsn. through a.bsorp­

.· ti.on bottles oontnln1ns ~pprcpr1a,te absor~ants,.. The voltunQ · 

pass$.ng tl'iroush :each limb is measured .by the moohan1c;;al tlttw­

mGteJ:¥s (M) befo~e leaving ·th~ ~yotam, Thos:e gases f'~om thG 
' - ' . ' 

corrosion Uno (t) tilsopass through. d.cap1llar>y flcwmeter 

whi·ch is kept ~t .a conata.nt hGn.d. •. 

. 'rhe: t1ow ot cll)o11ns 'wa.tar tht'ousb tho test p1ooe 
. I 

is ltept constant by th~ us·e ot 6 eonr:rtn.nt head a.Jtr$ngement, 
~ . ' . ' 

' . . ' 

onn only b& ·(!]DOtly.identlce.l it theapec1m~ns .are a.11 tc$sted 

a.t the i.uune ti.ms 1n the sa.m.e o.ppnratuth One .apecirnsn muat 
- . 

~main.in the nppitntun tor the whol~ time of' thetost, whilo 

· . others a.re wi thd.rawn a.t ·su1 tQb1e · pel'1od.J; tor examination. When 

this s;yst.om eannot: :rea.eons.b1:y be <uiror1ed ou.t, ·$tforts· must be 

made to :reproduoe the oond1t-1ona as closely as is po~st.ble for 

en.oh teat run. The. vnrinb1ee. :ln tihe (U'J?TOSion teats.· w~.th 



!t 1s essential rcr a satiaf'aotor3 oorroaion test, 

tM.t the an.mplo· to be test~a aboul.d be_ of a lnrse ·s1~e to e;1ve 

a. ~e~ult. that 1s 1£1JUft1c1ently representative .und0r the eon<li;.. 

t1ona of. &X,PosurG• The siae 1s senGrnl1y 11m1tea, howav<ilr, by 

thG ca.pa~1ty ·o'f tho corrosion. test. appar:atuch !n prnottoe. ths 

OxPO.astl surface ot the epe()imen should not be 'leas than ttto · 

squaroe inchesJ an4 th~ l~rseet teat piece possible tor thG test 
' ' 

apparatus should be U$$d, provided it mn.y be aocu~t9ly wished.,. 

In -the SGleet.!on. of the si~e ot the spee1mons 

u~ed 1n these tosts, only an 18 inch l~nt$h of' f 1noh enoma.l , 
diameter mild ~t~e1 tube was o.vaila.ble.. Tha tube waa ·out into 

rour spe~1mens ea~h a in.ohos 1:n length wbich ,ga;ve a surtaoe 
. ' 

area ,of' over 9 equnre inches, 1'tbi~h ls e.mple tot' t~st. The 

·· tbiokness ot the walls of tho tube wns l/16 ot an·· inch. The 

typ(!j ot $1;&el. Used ·1~G:1l under the numbefl SoA•i• 109$ accor41ng 

to the aoototy ot Automotive E..11g~neel"s • .numbering sy$tem, an.4 

had a oompos11B.ozu 

OIJl'lbon ~ ,. , , ,, • 
Maneane.se * ~ • 
Silicon •••~• 
si1lphu:r ,. •••• 
Phosphorus- •f 

''l'he weight, ot tho epeeimons va~iod during the tests, since the 

prepat*ation. tor enoh test necessitated rubbing with emat.ty cloth 

and. a. consequent loss in woigbt.. on nn nverage thsy we1thed 

55 .. grt).tne ea.ch. 

T~s·ts e>n mo.terit.tls for e.hemlonl pl.ants ahouia be 

carried. out on thQ lfl.ater1e·1s .in. the sta;ti:a ln whic')'.l. they '.Will be 

uaed. As will be· described late,, the tast pieces 11ere heat• 

t:r~"i\tlttd to obta.!n un1for-m1 ty fo!' ea.ch test. Th~ stiru.cturo ot 

the metal: is altered• and hGnce probably the rato Qf attack; 

' . 



The e:ttoot ot tetttpGratu!'e on th9 corrosion of 

iron in aqueous solutions .is not only dependent upon ths normal 

.i.ncroose in reaot1on rate due to a rise in. t~pel:'a.ture, but 

there is also the reta.rdat1on ot.oo1'4:rcsion o\dng te the de• 

er-easing solubll.ity of oxyg~n 1n watal" with r1sln:e; tempe-ra.ture. 

A tnaximum Gttect w1ll t.horGtoro be obtained at some or1t1cal 

temp~ratu:rG When thG efff)Ct ot thG deorens1ng solub111ty Of .. 
oxygen 1s gr~ater than the effect ot :n rise in tempers.ture on 

the :rea.ctlori rat~. ·Aooording to tho ·Observations or H,,Endo (38), 

this oritiea.1 point· 1ies. batween 6(P and ao0c~ . In Figure 5t 

the results of H.Endo are plotted· on a graph. Th.a tests des.;.;. · 

or1'bed in this thesis ws:ra Oti.:rr10d. out at a vapour. ph.a.se temp• 

ers.ture of So0o. At tb1s tetnperature,·the effect of the de~ 

oreas~d solubility ot oxygen is dominant, and. lt is·tberetor~ 

pro~sble that the .i;n.axlrnum. rate ot corrosion hns been roached .• 

It this is the case, va.riat1ona or temperature,· even by as muoh 

as 2<' - 3°, will only .have a ·negl1e;1bla effect on· the amount or 

corz-c.u:1ion,. Howeverf the temperature of the reac~ion is :not th~ 

same a.G the temp~rn.t.ure ot the vapours, bu.t 1u controlled. by 

·the aurta.oe tamporo.ture or. the motal; and a~ a. consequence; the 

solubility .ot oxyeen may ·not yet be tnedominatins factor. . . . 

aoth the tempe~aturo nnd the rate of flow of the 

cooling water v1th1n the tost spocimena play· a. part in dete~ ... 

tn1n1ng the .snrtaoe · t.emper·a.ture ot the teat pieces• '!'bo temper­

ature of the surface .1n turn. determines the atnount of oondtmsnte 

as well a.s the amount of corrosion &nd·t.he 11ctua1 tGrnpera.ture 

ot the rea.ot1on~ · The rato of f'lot-1 ot cooling wate~ did not 

"'laey by more than 10 c~·c. trom the set rate o.t 250 o.c. per 

minu.t.e throughout th& tests. Complete cond.enaa.t1011 of the 

v:apoura took)placs at this rate ot flow. 
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The opinion was held that ·the variation in temp­

ornturo of thG oool.ine wt.\ter bst"tteen summer and winter hM 

11 ttle etteot on the oorroslve rMct1on at the surfao·s ot tho 

test piece. Calculations tfere mo.de to dotom!no . .tho respeotlvo 

tempsratut-es or the surtao,e or thE> test p1eoes · tor. low winter 

and. high sutP.mer cooling water temperatures... Figures wore taken . ' 

from e.otua.l trest resulta and calculations appaar in Append1:!t .I. 

·The e-~eatoet. var:tat:lo.n in the temperaturea or 

the cooling waters oocurr-ied during teats 1rl:t.h di.et1'11od wator. 

In this case, corrosion took p1aoo· nt aurfaoe temperatures 

between 12°F ( 22°0} nn« 76. s°F < 24. 1°0). RetEirenos to Ft.sure 5 

w11l show· that the error lnvolvod tor a single reading ls nes­

lig1 bl&. Betwas.n aooc and 6ooa the.re is a iliftarenoe 1n corro,!11' 
. . . ' . 

s1on ot l~,1.e. for .n var1at.1on ot 2.1°0 the· d1f'feJOenoo 1n tho 

a.mount of corroaion 1s less than ono tenth of one perioent • 

. This Md. no effoct on t,ho spread ot results, the highest sur• 

face temperature bsing found 'f.itb tha lot1sat r~sult ns often ns 

not,· and vice versa. 

th.e re.to of f1ow or gas wae nrbltre.rily ndjustea 

to give n. flow past tho test piece entima.ted. to correspond to 

the rat& that vnpours wottld r1se trom an open V$ssal conta.ining 

. the solution at th.~ temps:raturo in quostlon., T:b.ia rate was 

ouch ·that, in praoti.ce, only a nog11gible amount of' the vapours 

did not condense on the ourte.c.e ot the t$at piece. usually, 

complete cona.ensation occurrod* whioh tol~lowed an ·immediate 

cl.:otiding ot the metl\1 su~fao$ tthmi the spoc!m~n was inserted 

.into the appara.tus at the bee;1nn1ng of each test. 

The rate of flow of ga.ama.te~1al1y affects the 

degree ot saturation of the vapours. It is aoubtfU1 whether 

complete saturation wno over obtained under tho eond1t1ons of 

ths eXJ)sriments. llouGver, tho mo.in aim of oondeno1ns a sutfi-

101ent quant.lty of v~pcur on thG surface we.a aohiettt:ldl a.nd the 



ss,ees ·must nave approo.ohod aa.turation slnca only a. slight low• 

Gl"i:ng of thG temperature caused p~oo1p1 tat ion of moisture in 

the short tube between the f'ltlsk and tbe ·oorronion dhaMbGr. 

No .condones. ti<?n. of vapours should ocotir bt;)f'oro 

tb&y coms in .contact with ~hs test p1Gce .surf$os. Thi.s 

noe!tessita.taa c~rG.i'Ul temperat,ure oont·l"ol ot ths 11apours .after 

loaving the flask. .In iho. tlrst teats., · eondG?J;aat1o:n took place 

in the- tu:bo bott\toe-n the flask. and. the corrosion Chamber. and 

in tho o~'ber !tselt. After t'hese parts had beGn 'W&ll•le.Metl 

and provid.ed withe. heating coil controllsdby an n.1:r-thermostat, 
. ~ 

no f'Ul'the:r condonsc.tion. t:roublo was expEJt"'ianood. and tha ga.sGs 

· reached the test pioco at ao0o. 

ThG vapour p:rseauri~s of thG solu.tG and/or the . 

dscomposition produote depend ·On the conc~ntratlon orthf}) 

solution. \'hare dt:rect attn.ck ta.Ices place41 tho a:mount ot 

corrosion ts c~rtai:nly dependent upon tho eomposi ti.on of the 

.solution .s.tncH:l th1a dsterm1n~s the eonc()ntt>ation of the corro-+ 
. . 

a;!.ve agent in th.G eond.enaflte~ .·Where attack is dus to dr'op-

. oel1e, th1a need not neeesanril;v bo thG case, a.nd th~ oo'naen• 

t:ra.tion 19 not of such great·practionl importancE'h 

In tbs case of ammonium thioeyana.te, the c~noen• 

trat1on wa.a deto~1noo to oorrespo,nd with that present 1n the 

beneole recovery p1Qt'lt (1). In athel" caoee, the concentration 

was .a.djuated tQ yield meaButte.ble quant1 t1es of gases· tn the 

ana.l.yo.l.s stroa:rn. In gerul~til; tho vsr.iation of concentration 

ClUG to evaporation lfti.S Of no grant 1mpo1'ta.nOG .,.. g,: &mm:on1um 

· thlo~yanate solution only .alt,er-Gd 'by o.2'}!; during 1ong tests • 

• 



In co.:rrosion by condensing Vt\pours from. a solu• 

t:lon, tho basic criterion on. which the ~o~oslv$ ettoot of a. 

d1.esolv6d salt. ii; cons1do:rett, should be tho ·cort'osion eftectod .. ' 

. by tho soi vent, ·. Forr all the t~ots in th1.G so:ri·es • the sol ~ant 

ws.s · d1st1l~1ed \fater~ and oonaoquQntl;v i't was 'G2tnmln~ tlrst. 
' ' 

I· 

. the oozldltiona under l1h1eh teats . W01"$ carrlQd ottt 
,, 

.are as tollows.- The ??nto of flow of' cooling water through the 

tost pf.cce w;e maintained at between 250 c ~ c,. and 260 ·'°. e. par 

m!nt1te, wh1oh f!FkVe a rise 1n tomparatutte of about o.s0c between 

the .inlot 4nd thG outlet.. ir.hG temp~rature. d1tterenoe • wa.s 

measured ·from . t:1.mo to t,1mG a.uriner teats ·wl th therm.otnetor:s that 

cou14 be Jtead. to 0,,01°0 by _the usei o.f a magn1ty1ng lGns: and 

they hnd bsen stands.rd1s&a 1n melting :tee for the zero rea~ng 

cm.a checlt$4 age.1.nat each othiar o.t va.rioua tempsraiursEJ. A 

cor~oction .curve was dra1m and. used to determine the cotireot 

d1f.ference of tl:i& inl.et and outlet temperatures of the cooling 

ws.tqr. 

The eydrostatle head nt the 011 manometGr of · 

the oap111AriJ f'lowmst0~ that :t-egisterea tbe total flow or e.1:r 

through the s;vstGm, was kept constant at 1.,5 1.nohes, wbil.fJ that 

in thG lino from the ao:rro.f:lion ohc.m~a~ ws.a regulated at e. JrGa.d* 

1ns ot i.·o inch on the manometer.. Thua ~onstant gas f.low oon-

41tione wore maintc,inGd throughout tho t$ats. 'the air themo­

stat kept the temporature of the corrosion chamber o.t. a constant 

· aooo t,o within iPc • the same t.·ompox-ature as ·that of tha liquid 

in the flask. . The nsceas1t~y tor ma1nta1n1ng a. ot:rlct oont~l 

on the tQmJ>ettnturoie 111ustratoo by a. d1tficulty that arose 

at th~ bs$inn1ng ot co·rroo1o:n testing. 
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Thers waa an unaccountable discrepancy botwee.n · 

the quant.1.ty or vapour condenrd.ns; in the a.Mlye1o 11ne and ·t,ho 

quant1 ty or condensate oollceeted from tho corrotd.on chamber . . . . 

through t'ho.bleod tuba provided for the purpose at· tho bottom. 

Th~S$ qu:mt1t1ea should be proport1otml to tho VQ'l.umes.of gas 

flowing past. thG test piece, which oond.enaos the vapour, .and: 

tlwough the.analysis line condenser~ Th~ hie;hor p~port1on tn . . 
·, . . ' ' ' . ' 

tho co~roo.1on chamber ma.y havo been due . to more efficient con• 

clensation on the ·metal specimen, so a glass· tubo of' ths sa.m'1 

dimensions as the· taot pi·ecos was placed in the corrosion 

chBmber under the sNne cond.1t1ons thn.t were set tor normal 

oo~roston tests. It was obv1.ous trom tho start that more vap­

our was ao·lleotJ.ns 1n the cor-rosion chambe.r tha.n· in tho ano.lys1Ef 

l1ne, though the volumes pa.sGingthroush th$ two 11nse wore 

a.bout the same, 1.e. 6.45 litres per hour th.rough tho analysis 

line and. s. 7 11 trss per hour through th~ oorroaion lino. con-, 

. da1u1at~ . \1a.s d.S.ooovered dropping from the bleed tube of the 

analysis lino whloncmne out ven1oa11y at the top of' the co~ 

roslon obambe:r 1n the 1n1t1nl set-up. Th1s 1.1CeounttXt for the 

' A '~ell lagged' Y..,j.tube was inserted between tho 

flask antl ths corrosion chrunboJ' nn4 thG an.a.lysla gas wa.a dra.wn · 
' 

from this point. Tho disorepancy immediately ceased. and nevQr 

Great aat'o was taken with the water vapour 
' ' 

tests to ensure that the test spaolmen was thoroughly oloe.n 

and that thesurtace was properly prepared.. The senoral pro­

·ceduro ot the proliminn.77 ·tests was · followed.. At . the start of 

each test it was noticed. that tho oondensa.t1on was oomp1etely 

dropwise; and that only whon thG cond.ensate flowed dolm tile 

tube 41d film-type condensation ta.ko place on thoeo areas under 

the stroam. r>ropwise oondenoat1on in this oa.se may be dt10 to 



the smoothness of the s.u:rrace e.n 1 t was certr,inly 1n no rwa:y 

o11Y• Another roason may. bG tba.'t; the r-a.te ot eond,anautt1on-1$ 

ve711 ·1.110-w·, and the normal rulos tor oond.ensnt1on may not be . . . 

. appl1oab1e s1nee they ·ws:r.e d~tem1ned to:r l"api·d condensation 
~ t• • - , I • ' ' 

f:rom .. ··tx>111ng Golut·lon$. Un1!ke the preliminary watGr· 'Vapour 

t~sts, thG corrosion result.s were very 'Grrs.tie and did not tall 

on ll smootb QUMe• 

fbroe po1'3lblG expla.nnt1ons were aavruiced tor·· 

tbG· onuae of these ·orrntie results.· · 

1. Penstration ot hydr-o.s~n at the cathodic eroa.G ot 

· the corrodins metal by d1J'fuet1·on and !ts post!lbl0 .nlloying .• 

mttc.y .nff,ect the S'1rfao(it p~oporttea in aul:n~squont teatEl.. fhlo · 

bns bGen indicated. ·1n work on h,ydrogen over-voltage (:39). In 
' "" ~ 

. order to oitemom& th!o poss1b111ty of twd.roa~n. abeorpt1on. and 
. . . 

to obtain unttornd.ty of apoc.1m~ns, the test ptGoes · 'tfere to be 

heatGd under v.tteuum At. a t$mperatut'~. above 100°0 ·tor· a. stti table 

length or time"' 

. .. 2. 'l'he teat pieo~s thanu3ol vea may not be . uniform • 

.. This 11 a poss1 bi11t,y, .even though. tliay wore all cut f~om tho 

'.sam& l.Eime;th of <mild ste~1 tubing that was only itself 18 1nohes 

". 

3. The n.atur.e of ths oor.roa1on may give erratto re­

sults. • oorroaion in the to:rm of pit'bing is ~oto.~ious for 

unprQttiottl.ble reaults in practice. 

' . 

Approaching the pt"oblom tram ths points.· or view 

enumerated abovG 1 n new p1~ocetlu~e was adopted. f0?1 prepQiring tho 

speoimsnG tor test. tn0. apeclnien 1s first rubbed up witll No.l 
. . 

gra.dc em.Gey cloth and t,hen with finer grad.ao unttl thsfto .is a· 

smooth tin1shtrse from pit hc>los1 the .f1na1 rub is mo.de with 

Sl"MG No.FF emery cloth. A:fte:r> an 1.rd.ttal· trea;tment 1n tth1ch 

·the· specimen is hes.too at esooo fol'." $1:.C hours;, it Is h~atod 



pa.go '5 
tor. o.no hour nt thft.t temperature between oaah teat.. Latel" it 

' 
was ChanSed to a 4"""'hour soaking at 850°C between tests• The 

tomper.atura Of the furnace was doterim1n.ed. ld th a thermocoupla. 

The f'urnnoo consist~ of a l lnoh diameter fusod silica tub& 

w-ound with a 750 ·watt ·heating .0011 a.nu lagged with asbestos. 

The turnaoe.tubo was oonnectGd ton water vacuum pump, and 

during both the soaking. and cooling periods the ·maximum vacuum 

was mn1nta.1ne4. This wna noeeseary to prevent exoessivo ox1d~ 

a.tion. After ·Cool.ins. ".rh1oh took a.bout 40 minutes, the test 

spoe1m(!kn was removed trom tho rume..co. find th& o"1do olesnod. 

oft by the method of Olarko described below. Tho test p1ece 

\'AS rubbed once more with No.FF emetiy and g!ven n f'1nal rub 

with sxiade No.o. The test epoo1men was then washed in alcohol 

and ethGr ao batore, tA.nd was rGruiy for test. : 

Th..'ts method was used .in a:n endeavou~ to d.ri ve 

. ott d!.esol vOd hydrogen trom the surfnoe layers of the rnatal,. 

thus d.eotroying the effect, .of any hydrogGn•iron G1eotrode; and 

also to make the specimen as uniform o.s poss11;llee s.J.Frsnoh 

and r ... Kablenberg .(40) have sa.1d that gaa•metal olootrodes nro 

spec1f'ic for oaoh pa.rtioulnr gas and matalt a.n6 are .rolated t.o 

the absorbing pot10J'f or the rneto.l tor- the go.aa also, the corn-

. · bina.111.on potential 1.s due both to absorbed gas and to a. con­

densed film Of t;aS On the SUl"tacG Of t.he mst&l. Oxygen tind 

hyd?'ogen he.vs tho oppcs1te otf:ect to ca.oh other • 

. The grain. structuro or t,he metal is oonsldernbly 

.Ql.toreti after a numbet• of heatings ln the furna~e. The proeeas 

1a compa.r-a.ble t~ annealing, but as the tGmparaturf3 1e below tho 

uppQr cr.1t1cal point, tho toot p1eco 1s undar•annealod. A 

large grain att"Ueture 1s built up. so much so, that the struc­

ture c.an be .seen with the nakod eye \fhen a test piece ie t.nken 

out or the furnace after ooo11ng,. A corte.1n ~ount o.t on.de 

acnle ts formed at each end of the specimen in the turnaoo, even 

though it la Wld.er vacuum. This ecale was removed in the;,· f'irst 

few instances by cleaning w1t.h emery cloth, bu.t a much easier 

method was tound. by cloon1ns 1 t o.hem1cally by the method of 

Clnrko. 



When the tests tor the l2•hOW'.' and t,;he 18-hour 

per1·0dS. 'WG.r& Cl!ll-rled. Out, part Of the corrosion product was 

d1tt1oult. to !:'emoveri a.nd rubli>1:ng with a. sort elotb was uM.va.11-

ing. It W(.$S deo1diaa to employ some · ot~her mE>w'la to remove the 
. ( .. 

ad.h.erent ·product. Tb~i ·choice iny between cathod.ic t!'eatment 
. · .. 

· and a chemical method.. cra.thodto methodG tend· to ,givG low values 

fo'I!' corroaion.. whil.o- cbemtoa1 ·methods give cor-respond.1ngj.y h1gh . ' . 

results. oathod.1c t"r&a.tme.nt e.ntailtf Gl.octrol;ya1a· tor 10 to 30 
. . 

minute~ l!ldth tho tt;st _apec1men as the cathode :1n a au1tabie 

electrolyte,. A quj.ck¢r and. more conv&nlsnt method is the oh.em­

. lcnl process employed by ·s.(:t.01srke (41). fhls was the method 

· adopted for al1 te~ts .. 
I 

concsntrnted hY·drochlorie acid .10 an effective 

eolvent tor rust •. and .. tt ms.1 be. ueed for the quant1to.t1ve da• 

ftlGtins of steel !t there ls preoont1 (s.l a s~1tab1G 1nh1b1tor 
. . 

to prGvont .ntt,ach: on· the stsel a.t the pc»rss o.r denud . .,a at-ea.a 
. ' . . 

in the rus-t; ooat:1.ns: . (b) a rE'ild.ttoins a.sent to :reduce forr1o: 

. ch1or.1da formed by· the d.iseol ving rust. ..4 met}loil has been 

· it.ev:tsed '~n t<thleh th.a· 1~r;ted steal is immersed .1n a vigoroualy 

. stirred t.1olu.tion of the foll·citdr.lfl eompos1tion: . 
" cone. eydrco·lllori.c no!d .... h. ·100 parts 

Antimon1ous ~:ki;de, Sbao, •,. • .~ •· • a parts 

stannous c:tlloride crystals •1'•~ 5 parts 
. ' 

A .. test- p1eca tmu cleaned from s.ll rust;; then the 

surracQ was ·:rubbed iv! th enu~ry 01o·th., · tollowad by the usual 

wa.EJhins in .a.lo·ohol and ether, The 1nt&t>ict' ·was ooat.ed. ·w1 th a 

fllm of Perspex l~uer 1nth$ usual mar.mer. · Whan thls apeoime.n 

-was 1lbme:rsed: in th$ abov$ solution w1 ·Mt vig0rous stirring for> 
. ' ' 

s m1.nutes, the losi! in weight ttmounted t~o 1.5 mgm... A series 

Of tests~ 1i9f\e. C&tT1ed out which. GhOt>teci t~t the loss in. WiSht 

was .naarly proportional to tlrns- R0sulta are t,;1ven 1n tho 

ta.bl$ below .. 



'o sec •. 

l min. 
. . 
2 Id.lit 

5 m!ri. 

I.QSA ~n j Waisb'J;, 

0.2 mgm 

0.4 .. mgitt 

.0.7 tngm 

l.S mgm 

, 

For tho lone-sr teats with a. vetty large s.mount ot 

· oorroai·On product adhering. to theJ surfo.ca ot the meta.i. the time 

. ot immersion in the de-~st1ng solution was bsttfeen 40 and 50 

seQontls. Hence the ·maximum .Qrror··thAt is incurred tor the. 

sev$rest corrosion .1s n(f)Ver more than o.3.mgm. For those tests 
. . 

where there wa.s soarcelf :tm.'fl ·Corrosion product; the ·1mmet'sion 

t·1me was S0nefia.11y not moJte tbmi. l.O seconds, and usually amount-

94 to a mor-e dip· in th.G so1ution. Benc·e 1n these cs.sos; the 

· Grror 1n tho re$Ult would ssl<iom exceed. 0.1 msm. these errors 

a.rs probably on the high sltlt9, · .since most of iht1 tlni$ or immer-
" . ·r 

· sion .1s spent in romo'Vins the .eorroa1on product a.na the solution 

is not in eontaot WS.t,h the mettJ.1 until. this is· ~iccomp11sbed. 
. . 

Attat> the heat .... t.rontmeat ·of f,he t~st sp~e1mens 

wns 1ntrioducea,. the results of the tests . .1·m);):roved eons1d&l"nb1y. 
. . 

The t•1gures for aitfel'."ent test pieces werQ ot the· so.me masnt-

tud(!), and from the rssult!l that hnve been _plotted on a graph, 

1·t . is cl.ear that there lt!! no 4eaided dltt~rence 'between the 

teot speo1m.ens When· they hQ.v~ l:>een treatttl 1n. thG 1d~nticGLl 
manner .. · Uea.t-treatlng the test p:leoes has therefore been 

suoaorHJtul in Mis.s dirreotion. Tho ·corrosion w.1uQs obtain,ea • 

. however. do not 11e c.:t.ose togothe~ •. bUt are apac$4 bi a ban.cl 

tha.t gota widGr a.tJ the test psr1od 1ncree.G$S •. 



ata.t1st1oa.1 a.nnlya1a methods ~re ~pplied to the 

valuGis obto.tned in the test~ on account ot the eonsieterable· 

d.avia.tions ~om th~ mean ·tha.t were found. . ~he matllomat1oal 
. . 

theory of errors 'tt,ta used to. d&tomi11e -,.,hioh re~ults wore un• 

. ac:oepta.bl~, In .ot-de~ to roJeot :rosu1te• rsoou:rse must be ·ma.de, 

to the Null liypQth:a~ls~ tth1c~ .sorvoa a.a a general. bncts upon 

.. which to·. a:et, Tht!t Null . Hypothesia. sta.t,eo: •· .. Wh.~n a .reading has 

· a ~sldual -srtilatGr ·than a vr.tl.m'.) wlth a d.atini te rat-10 to the 

probable de?iat:t.on ·of n. single iread:lns, _the result rna.y be 1-a-.. 
se,rded as a. m1stakO• The 11a.ti9 dspend.s · on the nutnbe~ of' · 

obs&rvttt1cns that Were made. A res:td.ual is tho d.1tt'erenoe 

between a read:lng anti the av1thmetlo mean of e. set ot rea.dings. 

A m1eta.ke 1.a a rGm~lt thllt. aue to som&· e:>t.perimental &rror, has 

a. vo;lt1e that cannot btit ~ccepted a.s being a true •n1ue to:r the 

t$at, and 1c consequently rejatrtea., · ShGrwood and Ree~. (42) 
. ' . . 

ad.voeate the ~.ej.eotion of vn.l:ue~ id th tho deviation from. tho 

tneSJl. greater than ·.tiv~ times the averng& ·dovt..a.tion-.. ·This s1mplo 

rulo is supposed. to 'be ad·E)(lUate for most ordinaNt worlt. On the 

othr;i~ hand, it •. N111Bon6. (43) recommends a more e.xa.ct .rule known 

aa Che.uvenet' s Or1ter1or11 as a .gu1d.e_ f.o:r the .:rejeot,1on ot an 

obaerva.tlon., rihtluvenet. •a Oriterlort atates that u reading may 

be ~el eeted ·when x-a. 
' I< -0·21.')' -

0.304 1 f (!} r'" a~ > 2n - l 
· r J

0 
2n 

wh$rs . r ::. proba.blo d.eV1atioi1 

x : kr = larso~t · e?TOrt 1,.ie" e~ror o·t the 
· suspect reaC.i:ng., 

n • nwtlber"of observations, 

(s~s Appan41,.; l!) 

Hsnoe. when it wa.a. tcnmd. that a value <ibtainod in a test ·could 

be du.a to a, mletnke1 that val.ua 19llS J*OjGOt,ed. In th& CS.SO ot 

the 18-hour. teats, the first tents on ,spooi·mens .Ho.1 Md No. I.V 

we.re C;l,~ti..fJd. out atter only t,bree .or tour hours heat ...... treatment 

1n 'tbs vnouu:m. turnt..()e; wh! ch ·probably ~xpl~a.ins why the values 



·Teat Piece 
··.Number 

III 
II 
z· 

I 
It 
II 

I 
II 
II 
II 

I 
I 

lI· 
II 
II 
II 
II. 

III 

ll 
II 
I.I 
lI 
II 

III 

I 
ll 
II 
II. 
. II 

III 

l 
I 
I 
.I 
I" 

II"' 
II 
II 
II 
II 
Il'. 
II 
Il 
II 
II 
II 
IV 
!V 
IV 
IV 

nuration 
of Test 
hows 

2;00 
thOO 
6100. 

2t00 
2.100 
~hOO 

4:00 
.4100 
tUOO 
A.100 

6:00 
6:00 
6:00 
6:00 
6100 
6100 
6100 
6.:00 

9100 
~hOO 
9:00 
9&00 
9:00 
9#00 

l2eOO 
12100 
12:00 
12t00 
12100 . 
l2t00 

lS100 
18tOO 
l.8tOO 
18100 
18100 
18coo 
16tOO 
18t00 
181·00 
18:00 
18100 
lStOO 
18:00 
18100 
18:00 
18;00 
10.:00 
18:00 
18aoo 
18t00 

total oorros1on 
Observed Corrected 

msm me;m 

0.5 
0.9 
2.1 

2110 
:;.7 
2.9 
4.6 

2o.4 
3.,6 
0.9 
4.7 
6.5 
5,.5 
6.5 
4.0 

.4.0 
3+4 

12.1 

2.4 
).6. 
0119 
a.1 
6,.5 s.s 
6.5 
4 •. 0 

9.3 
9,.3 
7 f!o 
7,.0 

10.3 
10.0 

11.1 
1~4 

12 .• 1 
11.2 
12.·1 
11.6 

2.a 
22.2 
15·5 
26.4 
12 .. e 
21 .• 0 
16.s 
16~1 

··:sa.1 
19.e 
1e.1 

_ 14,.9 
9.9 

15.0 
19.2 

· 18.7 
25.6 as.a 
22.1.1 
·13.3 

\I 
·1 
I 
I 

I 

I 

oorrosion 
·msm/dm2 · 

6.75 
5·7 

21 • .4 

a.a 
1.s 
3.5 
3.4 
6.2 
4~9 
1•7 
4.05 ·1 
6.,1 :11 
1~5 
·7 9 I, •· .. 

.1019 .. ' 
. 9.3 : 
10.9. 
6.8 

Points of 
Attack. 

Y/00 
1410 
·3350 
35~0· 

!$900 

4000 
4400 
4000 
40)0 
3600 

. 3000 
:5550 
4000 
4320 
4020 
:3900 
4300 
4150 

4130 
4050 
!llO 

.. ,960 
3500 
'720 . 

3950 
'3J60 

Condensaio on 
Test Piece. 
e.eli\/hour 

1 .• 0 
i, .. 5 
i.a 

1 .. 4 
2 .• 0 . 
2.1 
1.3 

2.5 
la7 
~.1 
1.9 
1.2 
1.4 
i.o 
1.4 

1.a 
1.4 
1.1 1., 
1.3 
l·.5 

1.2 1.s 
1.9 
1.1 
1.2 
i.:; 

2.a 
2 .• 1 

. 2.5 
i.1 
A.8 
4o2 
1.7 2.s 
l.4 a •. ,. 
1.3 
l .• s 
1.7 1.a 1.,, 
1~2 
1.9 
l.6 
1.3 
1.3 

Heat 

cal/min 

130 
137 
l.'.30 

129 
133 
122 

132 
l'.34 
1113 
119 

~6 
137 
131 
1a4 
11$ 
118 ' 
116 

120 
116 
120 
117 
116 
117 

126 I 

130 
1;0 
121 
131 
112 

134 
129 
133 
130 
143 
148 
131 
13, 
130 
1J1 
131 
130 
120 

l'' 120 
120 
1:51 
126 
121 
124 

Rate ot 
Gas F1ow, 
om/mln 

9.2 
9.3 
6,5 

lOr16 
10.3 
9 .• 7 

. fh5 
9.1 
9.7 a.1 
9,9 

10.a, 
8!19' 

11.l'. 
9.0 

10.0 e.6,, 
a.1 
9.,0. 
9.0 
8.9 a.9 
9.1 
8.9, 

9.5, 
9.15. 

10.7. s., 
s.1 
1.1 

10.1 
10 •. 4 
9.3 
9•4 

25.4 
ao.9 
io.1 
11.6 
9.1 
9.0 a.a 

12.4 
io.2 
12.6 
8.6 a.6 
9.5 
9.7 
8.o7 . 
s.3 
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dev1nted eo much from the reaults of ihe rc:u.~t of the tests. 

The other resu.lte were obtained aftf)r hent·t~eatmont fol"' over 

·ten hourth (see page 39) 

symbols usedi Residual ....... * ·~ • ~ ......... ,. v · · 
Average devie.tlon * .... e 
stan<iard deviat:lon ... s (for e. single: result) 
stand.am error ..... .- .. • • ·e ! tor a~1 thmetic :mean) 
Probable deviation ..... r:: ks 
Number of results., ... ; n 

The value of k .1s ta.kon ft-om a table (Appendix III,{44). 

I 
!I 
II 
.II 

e = + /12Ll ::: : l.84 
- ' . 

v ·v2 

4 .• 84 
0.,36 
0.,49 

-4~-! 
10-.l 

The detorm1nat1on ·Qf tht1 confidence l1rn1ta {:t'L) between wh1oh 

the true value or t.h~ mean 'lies, is e;1 '7en . by the equation:. 

-: 1., . ~ : t I l!) 
{vn 

wb(>re t ta known tttJ st.ud.ont' s t (45) •. These a.re the limits 

within which the moan of.Mf1· other set ot n readings 16111 tall 

with rGnoona.ble necuraoy., lt 1s uaually .acc'Jept·ed that it the 

.:rGsult is right 19 ·out of 20 t1rnes Ci.ch 951' oontidence), there 

is roa.sonabl~· accu:rnoy. 

For a confidence ot 951 and when n:; is 4, thE:l v~lue of student* s 



t is 2• 78 {from tabloe) ~ 

± t = ... a,. za .. ;t ... l·•.f!A 
- 14 

ll ,· 
I 
I 

II 
Il 
II 
<r·T 
;1 ..... 

!I!. 

A.H. 41: El110 

a~+ j-lf}i.~ :: ~ o.96 - '1 ·~ . . . 

~ = ~ f5P. ~ f 2 •. 52 . 

· · For A coritid~nae of 951', 
·. ' 

.n e '1 

e ~ + -3Jk2.-. ;;: +_ 2.19 · 
-.;7 x 6 .· .. 

r ~-lo .• 11a k a. s~ ==-ti. a1 

. . 

Th'1 value 1.5 .1.s r~jGcteti beoausG it ls a mistake s.eo·ord.ing 

to CM.uv0.net·t a OX'itGr!on, being 2.~9 t1mea tho p~be.ble deviatlon 

ot a sin6l$ ~ead.ing (r). 'l'herfj iii ·s.n unuaually'low number or 
points. of: attack:, and tlla su:rta.oe must have been con~a.mnatod. 

~.he p.c1n.t 4.05 11os bolcw the lower band 1lm1t ;md tho probable 

~~ror. .lts va.1u.e · !~ t1uet .a.ot.tept,ablo · by .Ohauv~net • s cr1terton; 

'bU.t lnte-rpo1ation shcn:fG that ·the .ari thmat1c mean should be 

hisbe:r.. If the wlue d•OS i.s 1t;tl<>.r>ed, thG .a.r-1thmGt .. ic· me:in .ia 

raised sut:t1c1ent,ly to fall on thG interpolated curve.. The 
' . . . . . . . . . 

. .. 
curv.e. The na11 values are gi von b1Slow. 

I 
ll 
II· 

·x:r 
II 

'Il:I 



' ' ' 

. $ --+ ' 10t.:S ? 't 1.88 -:-J6-i 5 

it" ==.t O. 7Q8 . x 2• O!);. ~ l.~49 

takG aoool:'ding to Oha:uvt3net's Or1te~1on ... ·· It 1s ).,1 t1mss r. 

Now tori e. conf1de11oe of 95-~, 
' . 

. + L ' + ~_J_L2.005~· + 2·· · ·05 . - ::: ·._ ·~-~7.r'=-- ."" - t 
' ' ' ~ ·, . 

Fot> u ecnt.iel.ence of 95;t, 

v· :· 

o.a o.a 
... 3.0 
.:;.,o 

2.5 
.. J.?a,Q 
l2:el. 

v2 

o.64 
0.64 
9.0 

: 9 .. 0 
6•25 

.... Ae.Q 
29.5 

. · ~ T : · t!\ .1.5_, · .,..., . i!'it. 4 "'ii A '!i' 
- '" '='•-: S'tH\7~ ..&~~ .... - ~·~J . 

' 

' 

A~M. ,;:: l~9•6 

S::·-+/_2,~, =- t 01136 
- 5 x 4 

:S ... + /2.. 1S2 ~{ o.80 -- ·4 ' 

na..s 
0 ~ ± /i"-J~l4 : !_ 0.7 4 . 

::> ' ' ' . ' 

:r ,,,-: 0.1.40 x o.ao=± 0.60 
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I 
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fhe number of points of atto.ck on each speoimtn 

were counted from the pl'K>toe;raphs, . which were t&k$n after uiacb 

test run, This is. a. simpler and easier niethod. than counting tbs 

e.otuo.1 numbor of points on the spoo1mon 1toelt. A clear strip 

·of photogt?aphi·C f'11m, with tho emulsion remcfved., was marked ott 

with an Al?ea. corr.espand1ns to an a.t>ea. or1 the photograph of one· 

s1xtesntl:i of' the total a.rsn. ot the teat piece surta.ca. i.e. ·Qno 

quarter ot tbs ·iotroumre:renoe by one qmirtier ot t.ha height.. fhe 

.~trip ot fllm was: plaoed ·over the photograph_ of the oor-rod.ed 

spoc1mGn, and th0 nu.rnbsr ot points of attack: in the mnrkoo area 

wa.s countedJ :the count 'WO.fl multiplied. by a1xtean to. get the . 

total number on th$ whole surface area or the test spf!ic:d.men. 

But 
.· ' 

·as the photogrnphs ,Qf tho · cc.n"rod$d. apa61tnens were taken where 

tho corroston was ,as. nea:rly average afl .could be judged by eye, 

the .resu.lta ot th(:) oountG wera accurate to within 5~. Those. 

counts which. were qomparea with counts t.rom tho speeiinons . 
themsGlVGB, chocked to llith1nlOO points of attaek for test 

p1eoGs ·with from 2,000 to 31 000 points of attack. 

Tho number ot points or attack (see Figu .. e 1 J 

lncr"eases ·with time unt11 9 hQurs of' eo>:Tos!on. has passed, 

after which thG number ot po1nta norma.l.ly rema.tns constant to 

all p~actical purposes. When t.he test rosulta were ebnol.1tlally 

low, a eorr$spond1ng1y low number ot po$;nte of attack wor;s 

counted• the nwnber of points \ma not, ho:wevor, markadly 

proportional to ·the toto.1-corttosion. The polnts ot attack a.re 

probably termed very rapidly at·the·eonirnencement of.th$ teat; 

the rate ot tormat1on decreases after a ohort 1ntorva1 o.nd by 

ths time 9 hours ts reaohed:t ths rate ot lncrsawse in points of 

a.ttt";tck is pr.aet1co.ll7 zero. · After this, corroa1on only procoeas 

at th.a points .already formed a.nd inores.oes by enlargement ot ·the 

corroaion areas, which sprood .across .tbe ·metal sur>fb.0$ unt1l 
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Plate 5. Drop Corrosion. 
x ~ 

Plate 6 . Enlarged Corrosion Area. 
x .:J.. 
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Plate 7. Point of Corrosion Attack . 
x 160 

Plate 8 . Corrosion Pit Hole . 
x 160 
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Plate 9. Band at End of Heat-treated 
't'est Specimen. 

x 2 

Plate 10. Showing Banded Attack . 
x 2 
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Plate 11. Fine-Grained Structure. 
x 2 

Plate 12. Coarse-Grained Structure . 
x 2 
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Plate 13. Corrosion by Drop-cell Attack. 
x 2 

Platg 14. Corrosion Pit Holes. 
x 2 
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Plate 17. 2-hour Corrosion Spot. 
x 160 

Plate 18. 4-hour Corrosion Spoj. 
x 160 
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T t 1 0 Corro 0 H 
u r 2 • 

Ii 
III :00 17. 9 30. 7600 . 6 9. 63 0. 5 16 

I 2100 13. l .o 4770 11. 5 l 97 .o 
IV tOO 17. 30 5270 10. 19 1. 0 

l _,4. 2 3 0 57 . 3 . 9 19. 40 l . O 10 
II 2.4. 6 2 . 4 41. l 8 6 l • 'YT 2. 5 15 

III • 2 . o 47 . 8.7 . 9. 81 2. 0 7 
III • 20. 0 3.7 • 1 56 2. 

I 6&00 31. 6 s:h3 50 . 4 1. 6 l 3 
II 6 00 37. 3 63. 0 5 0 . 1 • 5 24 
II 61 1.1 • o.6 111 
l 6100 45.6 000 . 5 1 . 1 5 1 
IV 6 0 • o 5 00 7 • • 6 , ll 

I 00 . 4 36. 2 61 . 0 5390 7.7 18. .1 6 l 0 

III 9&00 44 . 0 43. 73. 3 40 .6 1. 3 7 .i 
I 9sOO 3 ' .o 6 .1 '8 0 • . 7 1 5 

I I soo 45. 5 .45. :5 76 . 3 51 1. 2 115 
III 100 35. 35. 6 60, l 7 6 130 

IV 15 00 51. 51. 6 7.1 4 0 e.o • 3 137 
III l5i00 43 6 3.4 73. 2 5. 0 1 . 10 150 

I 5 00 49 0 • 2 . 0 6. 9 1. 5 
II 5 0 4 .7 49 5 ·' 3 40 6.7 1. 9 5 1:53 

Co on in ro n 1u • 

I 6;0 0.1 o. 6 1. 0 n11 9. 3 l . 57 .o 13 

Co 10 u 1 5 or ol t1on. 

IV 100 l . o .o 30 a.a 17 63 l 5 3. 131 
III 00 ':!"( 6 6 432 . ., 17 5 .o 127 



.. 

" agru;o~i·on BY .. -'.fmONIUH. XHJQCXAtfAl:i. WQ!Jf!S AT. ao~o 

':GSt l?le~G DUmtion Toto.1.0orros1on Corrosion• Points Of Gaa Ra to aoouns water Cond.enea.tt'i on JUI40NS i'n Heat 
NUmber. ot Toot Obsorvstt Oor.racted 

msm/dtn2 ' 
Attack. of Flow. Temp'Sraturo Test Piece. oond$nsate 

hour.a msm mgm Citi/mln °" Ch 0 •/bout'- P•P•m• co.1/nd.n .·• 

III 2#00 1s.o · 17.9 30.2 7600 8,.,6 19.-6;; 0.5 16 ... llS 
xv 2800 1,,.2 13.1 22.0 4710 11.5 19.97 2.0 a. 129 
IV 2:t00 ·1a.,o '• , 17.9 )0-.2 5270 1008 19.84 l.O 20 126 

IV 4t00 34 .• 2 34.0 57 .• ;3 7550 tl.9 19.40 l •. o 10 ·121 
Il'. .!hOO 24•6 24.4 41.l 4440 8.6 19·'7 ~.5 6 125 

llI 4100 2s.2 ~a.o · 47.a 4610 a.1 ·19.Bl ~.o 7 ' 199 
'II!. 4t00 20~2 . 20.0 33~7 )980 a.4 1s,55 t.l 9 131 

IV 6100 31~6 :;1.G ·53.;; 4500 9.4 20.10 l-.2 6 123 
III 6100 37.5 .. 37.3 6?'!\'0 -.4500 9 .• 1 19.80 1.1 s 124 

· 111 tiloo as.s · 2s.3 ·47.7 9.1 1.9 .. A.8 o.6 6 111 
IV 6100 2'7•2 27,0 45•6 .. 3000 9 .• 5 2.o.a9 1.1 $ .124 ' IV 6100 t9~' 29.1 49.~o 5400 7,.9 19,~84 1.1 1$ 118 

IV 8;00 ,6.4 35.2 61~0 5390 7.7 l8e34 a.1 6 140 

·11't 9t00 44.0 43,.8 13.s· ... 3240 8.6 ·19.13 l ... 7 us ~.) 

xv·. 9;00 38,2 ·3s.o ,54~1 '3840 a.s 20.04 1.7 9. 1as 
.III 9100 45·i - .a.s~:s 16.s · 5120 a., 19 .. 96 .1.2 6 115 
III 9t00 .:55· 35.6 Go.1 1.1,. i.a .. 12 1.7 6' 1:50 

IV 15i00 51 ... 8 . 51.6· 87 .. l 4250 s.o 18!0;67 2 .. 4 :; 
" 

1;7 
lII 15100 a3,6 . 43.4 7,.2 s.o 1a.94 1 .. .4 10 150 

IV 15100 49,.0 48~8 82.2 5840 6.9 18.67 1.5 a ·131 '• 

.I.II 15:t00 49.7 49-.S 83.3 3840 6 .• 1 11-.:tr 1.9 5 133 .'' 

Corro-aion in nitrogen medtu.m. :, 

IV 6cOO Oo'7 o.6 1.0 n11 9,.3 1a.51 3.,0 4 
' 

132 

aorros1onuti1ii8 5% solut1on 1nstead or 2~ solution. 

lV 2•00 1s.o 14.9 as.o 4300 a.a 17.63 l.5 31 131 
Ill 6:00. '21+5 21 • .a 46.a .4;}20 9.'.'5 17.95 s.o 8 127 
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1.1SYti l..Q. P.QBHOSlO!ij _'bJl V£;;R,OUijS ftom SOLUTION~ 

or . AMMONIU~t IHIOOXANAki!· 

0 



1norease the con.oontra.tion.of the ammonium th1001ana:t41t in the 

.solution and hence in t.he vapQurs. The conoentrA~ion tn tho 

tla.Gk was 1tA.C!'MS9d·to S)(, and teats Wf>t'G run. Doth the po1nts 

o'btnined fo~ \i'e;pours from the 5~ nolut.1on f ~11 within the l4a.n.ge 

of vQilues to:r vapour!\'#· ~or ·~.· solut1ons. The· oonoent~ati<'.>Jl ot 

ammonium thiocyanate in thG analysis line condense.ta 1noreasGd 

b;y nbout three t1m.en. In .tho condensate oo11ected trom th'& 

teat p1ecs1 tho concsnt.ratlon ~so rose ·to mea.wrat>le .Q.Jnounte • 

. Hence 1t ahows that this 1neroase ln solution .1concentrntlon, 

wb11e 1 t ~aisee the vapotu., pPosaure, bas no effect on the · 

. oorroston. !..~self J and only small smounts ot ammonium t.hiocyan• 

· ate· in the vapours will raise the <u.'!lrro~1on consitlera.bl.y fr-om 

tha.t of pure wat<n:•,.. 

III 
IV 
!V 
IV 

,., 

v 

3 .• 3 .· 
-4.9 

.. ,_, 
·: ·&-2 

''r/l 

10.9 
24,.0 
10.9 
~,:·a 

All these results a.r& ncoopta.bl.e aoocrdine; to Oha.uvenot's 

Cri torlon;, 

s = -i,;-A2.-... ! 4 = "t. 2. 02 . - .a ~ ., 
e =+itM. : .. · .. ·.··.. . · =- ±: ;5.97 

- A -. IC.I- K -' . 

For .a, confidence ·Of 9~, 

!· L ""·~ 2.:zaV',g 4.-os = ± s .. 64. 
4 . ·· .. 

. tiim1ts of corrosion mean • 26.9 :!:. :5,64 



II 
III 
l:II­
IV 

For a conf1denoe ot 95~. 
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v 

-3.7 
2.4 

-11.1 
12e~ 
29.7 

n•.4 

v2 

13.7 
5,0 

123.2 
15§.J 
299.0 

e-:.± ~ :-t. a.sa 
./4 x 3 

r:::t0.766 x 9,98=t.7.65 

± L =+ 21ZO x 9,28 =-t_ 13.9 
- :; 4 

L1m1to of corrosion mean • M.8 ± l'.5.9 

The ar1tltmetic menn and the 11n1to calculated above do not fit 

the 1nterpolatEk1 curves tron the other test period oalculat1ons. 

TakinG the interpolated values, we have: 

L1m1 ts ot corrosion noan • 43, 5 -t 9. 5 

For theao 11m1to, 

student's t =-+ Q. i; ~IA = !: 2. o 
-~ 

This 1s equivalent to a cont1donoe ot 88.4~. 

lJo va.lueo nay be rojectod aooord1nc to Oha.uvenet•s Cr1ter1on. 

6-hour Qom11.on Teats. 

No. 

·IV 
III 
III 

IV 
I.V 

J\.r. = 51.7 

S::.!~ =t 3,09 

s ::-±/12a.o -=f 6.90 

For a confidence or 95;', 

v 

1.6 
11.3 
-4,0 
-6.l 

~~=' 
n•S 

!:" L ~ + 2,57 x G,90 -:. ~ 7,94 
-J5 

v2 
a.6 

120,o 
16.o 
37.1 
:Z1J 

191.0 

L1m1ts of eorroa1on. mean• 51,7 ! 7,94 

--------~-



'but tho number aotually dooroasod. after tho first t,wo hours. 

It is probable that the greo.tGr corrostve na.t~a ot tbG 
- ' 

a.mmon1run thiocyanate va.pourE!·inauoee .a gl'aater num'bsr- ot oor• 

roalon cells than in the ca.s~ -of d1.st1l1ed wa.tor v~pou~, and 

-that t.hsse are tonnea. moro rapidly. Once the maxi.mum number 

1s rGaethoii f'.()r the _part1011lar specimen,. the corrosion cells 

increase in s1z~ a.net ·many unitt;t to;;;$thQr id tb. a consequent 

roeduotion ln the total number. 

A drop test (page -114) on· a $~ solution of 

Amonium tb1ooya.na.t0 roaultetl in a Gu1ph1do oorros1on product, 

. tth$rOas the -a:ttaok · by_ condt.1nsate yielded oxtdes. - Henoe .it ia 

necea~a.riy to us\t+ actun.1 oondonaa.te to get a cl~ar picture of' 

the natu~G of possible oorroe1ve attack by oondens,1ng vapours, 

The concentration of' soltlble compounds in a drop may hnve a -

ccns1demble effect o.n tho ·corrosion -and e:ven change 1 ts nature 

a.ltosethor. 
· oonsequontly .n large drop_ -of actue.l -. condensate 

wa.~ usad ln e. fllrthEir drcp toot. After tm hour, -a ring of 

o~e-brown eorro.s1on product l'ltld. formoo1 n<:rt.\ at',thc:L-surtace, 

_ but :slightly away .from tho edge .and 1na1de the ·a.rop~ thus 

loaving .a clear outstt·aroa all round th.a edge. i:rbo ttrsa within 
' ' 

· · t:ha .rins of o-orros1on product t-tas also clears but aftor six 

hou-re, 1t 1ran notlo~ that the 1m1er surtl:l.es ·ht\a coated over 

_with the oranso•brown corrosion product. · The· -outer ·ring could 

''bo desor1 bod .as a ttall, stnc10 it ws eompsrG.ti ttsly narrow .a.M 

blsh•. After- thin• tho oorros1on product d.1d not lnorease very 

;ma::rkedlY in bUlk, and fUrther a;t,tack tntuat· have been atif1eti. by 
. ' 

· the covortns la;vor •. ~'hon -tho oorrodGd. spot wni3 exam1nQd; a 

greyish stain '1tns r;ipparent b$low th& bulkot thepx-ociuet, but 

.not to the extent or the blnott dGposit of sulph16.~· under the 5~ 

4roP• 



These observations follow thG apparont pattem 

·of co.wosion by 1eond.ensing vapours f?'om the •monium tb.:lc• 

oytu:Ut.te solutions. It 1s el"1a:r that the a.J;tack fllU.St be in tho 

n~tur~ of an elect~olyt1.e eel1 through 41tfennt1a1 a.$!fatton. 

Whon ~ C'trop forma o_n tha aur1'aa~ o.f th~.apecimo-n, it· ~ws in 

size until its· ow~ w«?riight C&l.U.1'3Js 'it ·t.o flow. down .. the tube and. 

dt:>OP off ~t ,the bot tom. A str~am . ot 1.1qu.1d. ls f'onn&d wbtoh · 

note lUfe a ve17 slcngttt,ed 'drop. The tt:na.ttaoked. area aro1lnCl 

a drop .3u.st .inside the outGr cease ·O't a.long the· ·e4gG of a. st,roam 

· Of dOwnt1tird .flo\d:ng oondousate, . ts the. aerated portion to WlUCh 
' . 

<>nygen 1.s t:reely a:vai:t.abl~ by a.1ttus1on. ·• · It .is· t$<.>ns0quent11 

tho ·onthode 1n the difterantie.1 aera.tion cell. 'l'h& 1nne:r pa.rt 
. ' 

is not as free1y a.era.tea., ainco dif'fUtdon ta riQt tis froe·, and. 

t'bus b~omos thf!I anoda-. ·. The actual· nature· of the part ·played 

byammon1um thiocyanate·1e not yat c1sa,,.. but ld.11 be dealt 
. . 

with ls.tar... -At the junot1cn ot th$ anodio and o~thottic tU'eaa, 

iron.·· appears to be precJ.pitntod as oxid0, which later sprends 

· over the surte.oe ot th'3 .anodic . M'G& to bloc'k. th~ tNe . pas sags 

of ions and at.1f1e the attack.. Tb.ls would emJle.in the aecrea.s-

1ng mte of.attnck.notieed·in.the condensation. t~ets~ 

~n ettort 1\tas ma.de to d.etermlne the :ttole play.ad 
'. 

by oxygon 1n thG corrosion atta.o'k 'by nmmonium _thiocyanat~ 

.vapCUr'Sit 

All the oxygen ln the corrcud.on a.ppt .. ?'atus was 

11e;s~oa «:>ut 'by ptl.esing nitrogen through the: system. tor .thirty 

'minutes. A -g;t solution of a.mttJ.onium thiooyana't1e was a.gain usGd . 

in tho flasio .ni trOg$n t~e.$ · bubbled through tho ao'.1ut1on hald . . . . 

o.\ 90<>4 to r~plaoe. a.ey dissolved o~gen. 1'\B the teat piece 

1tae b!ll1ng pla.o~ 1n the oo:rrcslon c~'Wlber, sa.s · 11.a.s a.liowett to· 

eseapa, tbus assuring that no ox.y,;Gn would entQri oven at.the 

sta~ ot the test. 
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Cono.ensation took place on the test piece itmned• 

lately in the tom :of small droplets; but after thirty minutes . 
. . . 

no co:rroJ~ion ,could be $Cen, ahowi.ng that the attack hard. been · 

rnal"k~ly reduced:o since w.1 tb. oxygen, attack occurred a.tter 

Only· five minutes., 1'he total C0l"ros1on .for S1X hours was 

0.7 mgm, wh1oh!s negligible compared.to the other results. 

The:re were some· ,smell bla.<!k spots on the aur>faoe, but no signs 

or ox.id,e prod.uct. · 

Both the cond.ensate in the analysis line and that 

,Qollectecl f'.rom the· test .specimen had the same co.ncsntra:tion of 

Q.tnmonium thiocyanate, which .corrGsponded. to that which was 

noma.1ly_obta.1ned in tbe ane.l;ystsliri.e using air and a a1' 

· so.lut1on. This obviou.sly -sb.Otf.S . that ,ammonium thiocyanate 

vapour dld not rea.et no.r was ;.t dlseoc1ated en the metal sur .... 

fao~:h. 

. . 
'Water as well as ammonium thiocyanat,e,, since no attaek wa.a_ 

'. 

registered at all • d.o not corrode. mild: steel in the abse1:ice 

or oxygen. It :ls e-onfirmed that the attack must ther>efo!'e be 

due to a. reaction 1nvo1\?'ing d.ifferential aeration. The vapor .. 

isa.tii::>n or ainmon:t.um thioeya.natG 1.s not due to. any reaction 

With oxygen w1t.h subsequent racombina.tion on eondenaation. 

- . 

comb!nat1()n tests. 

It tta.s recognisoo that. there m1ght be a reaction 

bGtween the corrosion products and. ammonium th1ocyanate, If 

the· ammonium tbiooyanate d.oes not Emtar tnto a direct corro­

sion attack ,on the st&el, the acceleration ot cor.roa1on must 

.be due to a -reaction with the initial corrosion product result­

ing· trom the a.ttaclt by water ·vapour it-self.. A test specimen 

was thorsfore corroded:• f:l?t.st in a.1r ... wa.ier vapour and followed 

by ex-po.sure t,o Vt\pours t.rom ammonium thiocyanate solution ln 

an a:tmoephere of' nitrogen. 
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The water vapour attack wan carr1Gd out tor a 

· 6•rumr period, at the snd of wh1oh tbs corrosion appeared to 

be norma.1. Without removing the test piece, the d1st1lled 

water was poured out, hot thiocyanate solution was subst1tutedt 
• I 

and the test cont1nued.. Nitrogen was po.seed through the sys• 

tem to, drive out oxygen·, and tho ammonium thiooyana.te solut1on 

wns ee.turatGd \dth n1 trogen before starting ths) second stage 

of the test. Tho specimen was exposed to the vapours from 

the solution throuSh which nit.rogen was passed tor e.;L"f'ui'th~r 

6-hour period. fhe orange-brown corrosion product trom the 

watar vapour attack had turned 't{le .. ok in colour and was rGCW.oed 

in apparent bulk at the oonolus1on ot the te.et period. 

The oorrosion l"asult (39.0 msm/dm2) was much 

.higher tba.n that tor six hourn corrosion by water vapour 

.(9;~ mgm/dm2j. Aleo, thsre wa a decrease in the concentration 

ot ammonium thiocyanate in the condensate t"rom the test piece. 

wb1oh was ·not. howev.er,. as much a.a in the presence of oxygen. 

"!'his result demonstrates that 1n t.he absence ot oxy{;en, tor 

Gxample under o. covering of corros1on product• ammonium thlo• · 

,oyanate oo.n still. ronot, prov1dod a corrosion cell hao already 

been formed. Thora 1s at the same t1me, a change 1n the 

na.ture of the oorroo1on product. 'The dark product under the 

· covering or the main corrosion produot in the 15-hour tosts 

was produced 1.n this mrumer. Tha continued activity ot the 

corrosion cell may be duo to a d1f£erent1a.l hydrogen cell. 

Hydrogen. abaorbed on the anodic area during corrosion under 

nerateli oond1t1one, mny still ma.1ntnin the eleotrolyt1c. oon­

d.1 tlons neoesenry for corrosion. 

A :mixture of iron filings a.nd terric hydroxide. 

the probable cprroe1on product, wa.o wa:rnted with a dilute 

solution of ammonium th1ocynn.ate, while a slow stream ot 

n1 t,:rogen was bubbled through tho liqui.d. The brown hydr0x1de, 

ora.ne;e 1n dilute so1ut1.ona, d..<!irkened and finally turned black. 

A test for sulphide ga:ve rl. negative result, and 1t was taken 



that. a N4uo\1on ba4 \aken plaoe \o toN a lower ox14e. 

Fo1lowlng allllla 11DM \o t.be pNOedlng -

b1na\lon t.eat, a t.ea\ vaa o&ft"le4 out. 1n wtd.oh the epeo1Hn 

wa1 tin\ expo1ed. t,o ammonium th1007uate npoura ln nl'l'OS•• 
and th• to water W.PoUr alone, bot.h tor 1lx hour perlo4a. . 

In th11 oue \be 00Pr01lon t>J \h1001anat.• ftPO'll' 

in nitrogen again toot the tona ot bluJt •ltOt• or at.alu on 

the •'8.1 aurtaoe. The water 'np0\11' eorroalon 4ne1ope4 

DON&l 01'8D15 .. brovn epot.a an4 \he \otal oorroalon .. Jua\ 

16.9 mga/ .. 2, whloh le allshtlJ' below ti. water Y&pour ourn 

~t, lt houN. The a\kok 414 not appear t.o be ou\ of the t· 

ort.1n&17. 

The following tbe•J7 bu been 4...,.1oPll4 to u­

pl.aln t.he phmo•na wbloh haw oooul'N4 la the t.ena. 

on oond.enalng upon the 8Ul'fu• ot the etM1 1 

euh 4rop1et. or 101ut1on fol'IU a separate 41tf ennUa1 urat.loa 

oel.1. The out.er l'l• of the.drop, to whloh OX18• baa great.er 

•••••• la the oat.bode, wh11• \M ano4e of the·o•111• the 

1nner1 1 ... aen.t.e4 portion of •tal• lth«n a m111ber ot 4l'OP8 

ooaleao• t,o torm a larger 4rop1 lt will l'Wl 4own the apeolHn 

l•Yiag a at.ream beb1D4. COrroalon •t.111 prooee4a bJ 41tte,... 

eut.1&1 ..,.t.loa. In t.bla oue t.be oatbocte la aS.tuat.e« Just, 

VS.thin t.be .cJ.ge et the et:reaa, an4 th• ano4e 1• 4own the 

111441•• OX:Jgen ao\a aa a oat.bod.• d.epolarl .. r, and a ourrent 

1• aet up within \he met,&11 eleotrona pa.seine trom th• aao4e 

't,o the oat.bocle. 

At the oath04e, alkaline oon41tlona are eape.-

1enoe4 and the •lutlon ot the oxlde t11m 1• depreaaea 

i 02 + ffaO + 2 e _.I OH' 



At tho a.nod.G, iron passes into aolut:ton as 

terrious 1ons.. Ammonium thiooya.nat$ is more hisblY ionised tm 

pure. wateti, aril ·the· ao1ution ot.• iron la a.es1stoo · lly. thG 

prss&naG of thi,ooyanate lons, which .form the oolourlosa fer~oui 

th1Qcyanate with the ii'ilon •. -

lt"'e + 2H• __.._ F-G• • + H 2 

· 21m4o:ns ~ 2Na4 + i?oNa'. 
Wb.en f'errcus thlooyanatG tnt'ata tho cathod1o 

,aolutlon, the hyd.ro:.ddo :reacts lfl th· 1 t to y1e'ld f'eri'ous hyd.r•· 

·oxide, vhleb is immed1ato~y oxid.1.setl by 4!$soivea. oxygen• and 

the boUrtd$t'tY .between the ~tlo and cathode Qro$S :ta· m~rked by 

a prao1.p1tate. or f:e:rr.tc l\Vd~ox1de.. In l1~e ma.nnor, fer1"1c 

hy@o,;lda 1's preoip1 ta.ted. ovo:r. the anodic area in- the centre. 
' -

ln th1tf prot'Hsss. ammonium thiocya.n.a.te pl'Omot·es 

the ·corrosi?e atta<lk by 1n.creas!.ng t,he con<'.iuct1v1 ty or the 

eo.ndenoa,tei. - only a. small ooncentrG.t1on or- thiooyanat~ will 

raise· tho rate Of a.ttack throe. 01' four t1mas the l"S.tG for 

diot,11led 1.-a.tsk',. 
• 

~.ntually th;)· cor!'Oaion product get,a so thj.ck 

that it EJtifl.es the aoode area, ana·oowosion prooaeda as in 
I 

. tbs absonce .o.f' oxy3an. suoh o,ttaok p:rodu-een a bla.ok ·d.epoa:l t, 

wldob 1a attributed to the pat"t.1a.l ·,oxidation of torrous hydr-
. ' . '. . . 

-·oxs.a~ ·to .ttzi intermM!ate hy«rox1de or to a.~d:rous magnetitG' 

(55). 

6Fe{·OH)2 -r 02 ·~2Fe3od + 6~0 
Tha 'blaek: product 1s olosely-adhGl"Ont, and 

·. attack aim1nishefl es it 1~ formed. ·· '£'lus may be seen :Ct'orn the 

con:'<>sion ourvG~ which eh<.MtS a rsp1.d attack nt first, and a. 

aocrsa.s1ng rate a.s time passes •. (Figura lO) -



gormOSION . .»l ,QOISDElltfil'\NG 

XAlQJI&~ 

t.B01(, ;i.Qtul'l0li$. Qf A,M.HONIU!. StJLPUlllfJ. 

' ' 

lt has besn .c1Mraed. thn.t thia eorroaton in boneol 

p, .. ants (33) 'fa.a. not due to either ammonia or by(lrogen culph16.0. 

It hns already been sb::nrn ·toot ammonia by itself attortis com~ 
. . ' 

plate p:rotoct1on to stes'l when in .condens:tns vapoursi ·corro- · 

sion t'ithen h.Jdrogen sulphide 1s also present 1:s ·contd .. der~ · in 

thi.s · deot1on. 

·!J!h.~ ua~ of amm0:n1um sttlphi4s as· the eorrotl1ng 

agent :t'tif.S9S problems l:lOt Gn'.COU!ltGred td .. tb ammonium. th!O• 
' . 

oye.nato. Ammonium th1ooyo.na.te ts ·a stable eol'id• 1th11e. ammo• 

n1um · su3,ph1d.e· cannot 'be prepared !n tbG so11d stato :from 
·.< , 

aqueous solutions because it d1~soc1ates vrtJ,ry readily .1nto 
• • ·' . t ·, ' 

' . ' 

lasG oeystalline compcnind. ·froni a mi.xturQ .of the two .gases k·spt 
. ' . . ' 

a.t about -1s0 o. ·~t .h1a;h&r teaiper~tUJ:lea 1t ·decomposes. At · . ( 

atm0aphertc·pl"asaura no ,combination takespla.c~ above 32,5°c 

()VGn in oolut1on, for a.t this temr1e'ratur~ the total preaaure 

of the ammonia. .,and hy6:r-oge:n sulphide 1e 76('! mm,.H,g. ( 56). The ;' 

prooiem. the!'ef'oro wne.to 1ower the Va.pout> pressure, not to 

ra:lse it as in. the· case or tt-d.ooyana:t:~! 

A system waa ·devit!ied : f'o.r the analysis of' the 

·vapours t'hat wer'G. r).von off from the solution 1n th~ flt.i.slt. 

. · No abso~bente tiara kn.own tthich do not react wt th o1ther ammonia 

or hydrogen eu1ph14Gt that can 'f)e. used if:,o ostimate moisture • 

.AG141C :aeae;ente ltk<S pholjphoru..s pontoxidf.10' ttea.et w1tb a.mmon1aJ 

'ba.alc absorb!:mta 111tG l:tma react w1 th hyd.Ngsn S1llphttle.. EVGn 

Oal0:1Um Chloride COmb1naS , ttith :an:rmonie.. to ·produce at>. Mdi t1on 

prod.uat CaOl~•'8NH3• Finally exact nccuracy. \$S ea.or1tioe4• 

1and the moisture t.n thG gas et~ronm was measured ''b.V pass1ng 1 t 

tl'.rouGh a condensol!' and mf.ia.GUrlng.the volume oond~nsed during 



·tJu1 per.tod of teat t Tho. unoondonood gases thfjn p~.ssed~ into 

a st~ndat'td. solution of iodine .in 2N sulphurtc acid, Atranon1a. 

is absorbod by the su.lphuric a.cidl .hydf'Oeen sulphide. ronete 
,, - ., - .. 

vith. _the iodine and mt1p~ur ia precipitated. . .s111oa iodine is 

volatti.(l), a· tu~her wash bottie •as uaod ·contain1rif> atandat"d. 

sodium tb!onulphate. w~ch ·took up ans ·volatilJ.sed .iodine 

coming fr-om tho praGvlouo o.bso~ion bottlQ., The error in 

us!ns iodinG td. th a th!osulpbat~) t~ilP :bi not mo?'e than o .• 2 ml.. 

1n the ti trat1on C !17). At tho ~nd ot ·the test• the totn:l 

qus.nt:ltle~ ot e;e.ses wer<:; eetinmted 'by comblniri,g the .cond(j)nsate 
~ . - ' 

and the OOnten:ta ·Of' both ·wash '.bottles., 1.1.trtltiQn Of the . 

U1fU3ed 1od1ns tt1 t..ll't etand.a.rd . aod1um thiosnlpha.te fi.rstly, gave 

. ·~he hydrogen sulph1d~ content by 41t~srence,. . Then .exoGss 
. . . 

sodium hyd.roxi·de solutio11 was added, a.nd: the mixture boiled 

to:r the ammon1tt to diat11 into n. l;laslt containing an raxeess 

of etandal'U .bytlrochloric acid. · T..ha· 1';.1trat1on ot this $XO:ess 

with stand.a.rd a'llta.11 one$ all the ammonia ws driven ,over, 

gave· tb$ 'ammonia. ·content of tl'le gasea also b:V ·d1.fferenoe. 

rrom thesCJ values., tha· pnrtlt:tl presaurG,a \t$:re .ca.lculnted.. 

Tho first solution .used in tho fla.sk tor o. 

.oorrosicn teat was . a polyau1ph14s of ammonia, a.a .1t was 

bel1oved that thte would be mo~e stable than ~h(:) sulphid.s, 

.snd hen¢e give sl1$htQ:f vapour pressures.. sulphur was shakGn 
·. ' 

tip td.th a,n e~ stack: solution of QmmOnium sul.ph14e until n.o 

.more woultl d1stiolvo. · Tho solution· changed colour t:rom. yellow . 

. to a very a.arkmby r~. 'rh1s sclu.t1on l:ftta than.41lutad four 

t:lmos t·o si ve an.· approx1rno.teiy 21 aolutlon. .aulphu~ wa.o 

preo1p1ta.ted, ~nil at tho $am~ time ·the colour changed t.o an 

orange · rad~ '!'.his c;o1ttt1oll. ;1ae uaod in a tr.1nl :run to aoter­

mino the conat1tut1on of' !t:s vnpoul'.th 

The ree\llt of the trial run at S0°c gave .a. 

hyd~gsn sulphido f1gtu'"e ·of' 4a .• 2 me;m/11 tre ot a:ir O"X'' a partial 

prosauftiO ot &.'bou:t 130 mm.lie;" It w.aa thottg)lt that this was 



; . 
:a rather high aoncentra.tion, so the solution in the f'la.sk wa.s 

d.ilutGd. a. further ten t.1rn<iuh. · 11. trial run w~ · mads on this. · 

s°c.>lutiori, LUld. the hydrogen ·oulph!de amounted ·to less tru:m ·. 
half thG a.hove propcrtion. · The dilutQd solution w~s used in 

t,bo oorX>o·s1on tests~ 
. ' ' 

. A Vl!'il'1 rough l'!lethod wa·s • U'ned in ·o'rder to d.et$r-> 

mine the approximate compos1t1o:n·of thepolyaulpbids solutions. 

100 gm of ·the Sf ammon~um sulphide so1tit1on was token and. 
' ' . 

sulphur e..d.Cieet ·until no mort3 could. be seen to di·SS(')l.ve. The 

res1;1ltant eolutton was tiltered and weighed •. · '!'he 1ne~eaee 1n 

weight aave the quantity of' aul.phur d.1snolved· to form poly•. 

au1ph1tlO• ·ea1oulnt·1on "GbOl\tGd the probabl~ ·constitutlo.n ,tO 

. be (NHA;ltS,• 

. . . . . ' ' . 

Lot nb9 the molo fraction of ammonium sulphide involved..· 

n.:52(~ - 1) ~· ao.o 
ii.68 ,. a.o 

he - 1) = ,a.o .• o. !·6S 
. 32 x .• o 
•. 5,.3 

~.·. 6.3 

. ' . 
the .solution Useti in thS teats, we.a filtered Of.f Md WG.tghed. 

\ 

Calculation gi vee the . fo~mti1a for thG polyeulphlde · :1n th(t 

diluted solution. on diluting 12.~ 5 ml, oon<f.entrat·ed solution 

to 500 ml,. ,. ·~~ o gm ot sulphur. was pr~cip1 tat$d• .· 

(NH4)aSG.3. ~t.NH4)2Sx +- .<6·3 ... X) s 
12.s ml. concentr-ated solution oonts.ins 1.0 gm (mt4J2s. 

t6.1J • z;ff > ' l2 • i· 
(6.; ..,. x). • .§!! 

' 32 

• 2.1 

x = 4.2 
1,.@)• po13sulph1d$ in d11UtOd sol.ut1on 1a probably •· (N1I4J2S4 • 
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For' .corrosion tests,. the cor.roa.10.n line was also 

built up to cope with . the analysis of the gases for hyclrogen 

sulphide and ammonia. A c.ondenser was provid,ed. to eo11denee 

excess m.oi~t1ure that \paissed ·the teet piece. . Then followed a. 

_ waah t.,ot;tle containing ~ sulphuric ae1d to. absorb ammonia.: 

a..na. a sta.ndat"'d solution of 1odS,ne was placed 1.n the same ·wash 

bottle to absorb hydrogen sulphide. The total concentr~tion 

in the gas stream was .GO high, that. all· the iodine. was used 

.during the test run. Hence the procedure followed in the 

analysis line» where the rate of gas fl-0w wa·s much lower .• 

could not be used'! At the moment that ·tha iod.ine was ·titrated 

by the. hyd.rogen sulphide in the gas •. the total volume was read 

on the flowmeter. and, the hydrogen .sulphide oonoentration 

· oould be calculated. A final t11ash bottle oonta1n1.ng a concen­

trated solution of iod.lne was used to prevent the escape of 
~. ' • • . ' I 

. . 
hyd.rogen aulphf(ie after the standard solUtio.n had been used 

up,. 
~ • • : i-' 

with vei>y. di;lute polysu1ph1de solution .in the 

flask, a 2•h.our test was run .•. No <:orrosion was visible when 

-the tsat piece wao removed, nor was the:f:ie any loss in weight· 

ot the test .P1eoe. This no.;..corrosi3)n ~esult was eonfirm.ed by 
. . 

running. a 6-h:~ur test,,· whioh rQaulted 1n a total loss in weight 

or. onlg 0,5 mgm/dm~, which 1.s 1ow$r than that .for the teai 
. . 

using nitr-ogen aria amtnon:tum thiocyanate. · In the 6~hour tsat 

there was a.· uniform di soolouration over the ·whOl'3 surface of 

the test piece., .. 2?he oondeneatG f.t"om the speoimen had the 

11gl)t yellow oolout> of ammoniutn sulphide. 

when the 6,o;.hour test was st.art.ad, 1 t i1a.s noticed 

· ·· that, · though droplets rormad 1mmed.1ately the specimen wa.s 
. . 

inserted., the condensate sprea<l ttapid.ly ove:r- the surface to 

· _ ,give a unif·orm t1lm of' liquid. A drop test ''a.a oarriea. out, 

and 'the drop also spt'ead t111 it covered more than double t.he 



or1s1nal area .. ·. l~o oo:rroston oacurred ,tn thE> d.rop tel!t• · ~!hen 

the V9"t'Y C0tl.oentre.t$d e0lut1Qn ot a.mtnOniUm SUlphtd.e Wt:!S drepp~ 
. on th<il surfacs ot the. pieoe of .steel, . it spree.fl. very x-a.~143.y.,. ·· 

Followlns theSJe reGu1ta, & \eg\ was rut1 ua1ng a 

o.!)~ solution ot ammoriil.tm· a\tlphide in the fl.ask. The sams pro• 

· eedur<;; •s o~1Gd out to · detemlnce th~ va.pott~ oo~i?oal tton as 

. :fOt' the pOl.ySU1p'.b1<le t.eat.Sit Once more, the:re tfs.'a . no COrrOslon 

_of th~ test p.ieoe and the tnata.1 ~ema1ned 1n its original olenn 

state. oandensatlon ·tms · nsatn · ot the .ttlm•\ypa.r. and the eondG&­

.sat.e h:-id. the· yellow oolouX'l c.t antmord.um sulph1'101 though w1th n 

strong smel1 of ammonlth 

. ' - . 

Of ammonium. SU1.pb1(3.es ha.Ve a.· prot,~ottve otfeot from the Corre• 

s1o:n standpoint,. Even the ·nor.mc.l co~ros1,on e)tpeoted trom · water 

va:pour alone d.O$ta not occur, fh.Q p).'iot,ect1on must be a.ttord.ed by 

tlw concentrll.t,1ons ot tlmm<>n1tt · thQ.t. a.re present in th$ va.pou~. 
. . . . ' . 
L.tt.Metonlf (58) bas' round that the ao.!dic solut1on·,of hydrosen 

.sUlpld.:4ior.1n ~ater eaU$QS: :ira~id co:rroslon <>f i~on ~ithe:tt in the 

absenceorpresenoeor·oxygen torm1ng ble.ok·tnsolubl•·fex-roue· 
. . 

sulphic;l,0
1
, _l)tld result.iil.8 .in seroious · p1tt1ns around· the eulphldo 

pe.rt1e1sa •. E.Q.Oamp {$$)) Md. E .• Q.Oamp and o.Ph1llip·S (60) bSVS 

diseussed th& sev~r.e corros1on ,of equipment oauaed by hydrogon · 

sulphicle .1n the «>P~l'ats.,on ot ~n· oil rofinory. They oonsld.sr. 

that both oitygon e.rull, · i1ater a.rs QO(H:llemtors of hy.aroson sulphide 

-ccr!roslon. ·and that bQtb must be present bstorG: ,a;pprecd.ab1,o 

attack ,can ,ooour~ lt 1s eomm.on p~aot1c~ 1n· the petrolwm 1nduo• 

tl'Y to 1nJect ammon:ta·into 41at11la:t1on units for th~ oontro1 

of oor.rosion by hydrooblo.r1c ,a.0141 &ntt it is proba.blo that a 

a1m1la.r actlon takes place 1n the oase ··Of .· hYd.rc>gtt;n sulph16.e 

corrosion.· Tho a1mnoni0ieal concentration in .the ·,condensate 

. protects the ste~l 'by ~QJ;):reee1ng tl1e aolut:ton of .·the thin. ontle 

· . t.i1m · t,ha.t 1s present, Al'>.Ot~her pro·tcetlve. 814 . 1s · thought t,o 

· be cs;usGd 'by· the type of · oon4onsa:t:1on. · · As the ,a_ropletts ot 



oond.enss;to spread, thGY Joined. together to f·om a film ovor the 

aurtaco. corrosion 1s thus p111ovented by blnnkett1ng the tom• . 

at1on ot ditferentla.l aeration drop~ells, that are no·:rma.lly 
' • • '. • 1 

associated with dropwieo cond.enae.tion& A similar &tf ect h.M 

b&on not.iced w}fon streams formed during the thiooys.nate attaclt, 

Those point-a or. attnok Within the body _of the .stream WQr~ 
, .. 

stifled tmd cGased ·.to plo.y any ~ar~et'l part in. thG corroa1on 

pt:ioo~ss • 

• 

. ' 
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· '?'he tests on tb~ vapours frottt the solutions ot 

· tha a.mmonium sulpbltG.1.s, prottueod a. typo of corrosion that ha.ti 

.not boon oncountsrod previ:ousl;v ,,,n thos,e tests.. The nttack 

was d1ttect and varied tn intensity a.ocoridins to "the oompos1t1,on 

or the sol1..ttion and th@ "sultlns vapow.*a• At one end ot the 

vapour oompooi t1on ser-iea. almost com,plt~to,, if' not complete, 

protection wa.s 1e~or1.oncod, whilo at the other end:, the attack 

· wao extromoly vigorous. 

A stock solution of ammonium sulphite (a~OB\) 

irs.s . taken and ·diluted to s¢ve an appro::d.mately. lOit solution. 

A tr.ial run waa ms.de to determine tho oompos1t1on of th$ vap• 

ours given ott a.t aoQc. This 10· do.ne by sealing oft a:11 outlets 

and pnss1ng the va.poutt.G throu:@:l the ttnalys1s line :only o 

The method tor tho ann.lyeis or the vapou.tts in 

the ge.s stt>(l)ttrn from th~ solut1on., ·was olml1a.~ to that· ueed tor 

th.a ammonium G\llphide Vil.pours. It was a moditiontion ot tno 

method Of JObn&tone. ( 61),. . f.. oondonser \'14$ used . to COl'ldGtlSQ 

tho moisture into e. tube that \t1as weighed bofo.re and after 
. ' : . -

each test, tllua det,orm!ln!.ng the wator content ot tho vs.pours. 

· After es.ch run, tb~ oondGnr:u;a;t,e was added to a wash. bottle which. 
. . 

conta.lnad a standard. solution ot iodine s.nd dlluts 2N t.n.llphuria 

acid. sulph\n.• d.1ox1de reaote. w1tb tho iodine, while ,ammoilia. is: . . . 

absorbed in the sulphur1c ao1ct •. J., further we.eh bottle was 

:tnolud.ed. to oatch any iod.tne vapours com1ns f~om tho first 

wash oottle1 1n standnrd sodium tn1osulphatE1. <?he contents of 

this waeh bottle \tare also oomb1ned. with the iodine solution 

botoro titrat.lng the oxcoos iodine w1.th more standard thl.o• 

· sttlphnte to eetlmat,e the sulphur dioxide content by d!f'ference., 



·' 

EXC$ss· sodium hydro:d.tiG solution tt&s. a.ddoo# the eontente or 

the flask were boiled, and ammon1G. was, diati11e<i into an 

exoeas of' . standard hydroohlorio e.o1li. Ti tra.tion of tha su.r• 

plus enabled.the ammonia eontsnt of the ·vapourt1 to be ost1• 

ootea.. 

corrosion tosts wGr.e then earr1eii ol.1t rith. thte 

aolution whic·h i1aa jtouna. to ha'\'e e. mGasurabl·S gas ·constitution • 
. ' 

_ the corrosion line ttas ti ttea.· out i.n the aams way as the ana.• 

1ys1.s · i1nG to eno.ble rm est1m...'i.tlon _to. bo madG ot the gases . 

4f'to~ 1<i>a'f'1.ns the corrosion itbatnbf§r• 

At tba stan of .tho test the t$st pi·aoG clouded 

·ov.er. and ~plats were formed i1htch. opread to form larger 

dropth ~tta.ok took placo in large patohoa and not ttndar 

ind1 vid.ua.1 drops. App~~ently the e.ttnok wa13 d1rGOt .an.a. did 

not -tG.ka the ·rom of ·oieetrolytlc · corrosion by ~p·ce11s. 

when tho test piece was eXllminoa. attGr the test 

(Plates 21 and a2), 1 t tt~tJ covered by large areas ot a bla.ok 

d@o~1 t -.of t e~ous Gttlpld.4G wi:th .tlf1 cveiila.ye~ of brown o:dde~ 

The brow la.yor wa.s blotchy 1 and Md gaps through whi.ah black 

dspc>is1 t could bg seen. Tho reaul ts ()f the fi.rs·t ttfC> '2-hour 

tGsts wer~ in VfJ"l!Y ·Close · o,gf'eGtriont , wbioh suggests that tho 

attaok is nea·rlJ uniform., . and not duo to a varia.b1e number· or 
sapa;:rat$ eello .• 

. It <tffl.B founti n®os:saey to use fr·esh $o1ut1on 1n 

th(.) f'la.sk nfter> f:JVGry few tGsta, as tho total oorroosion d.roppGd 

,and th~rc ~vas a ohe.nse 1n -the na.tu~e of the ,oorroston t.o ths;t 

molte like drop•cell 0.tta.ek. At f1~et0 thls ,,as t.tttra. outed 'to 

the·oxidaticn or the aulphlte 'to th~ wlphate by the oxygen ot 
·,. . . ' ' 

tho air bubbltng·t:nrough thoao1u:t1on1 Hydroqulnone, and l&ter 

· .stannous chloride wero added as inhibitors of ()l\i,d&tion, - . - t . - ' 
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Plate 21. Sulphur Dioxide Type 
of Corrosion. 

x 2 

Plate 22. Corroded Metal Surface. 
x 2 



. . 

but there wa.s little ef'f'ect in preventing t.he diminution ot 

.corrosion .in aubee(}Uent te.stll• ··The effect was. flrutlly traced 

to the alteration in. ths vapou~ pressures of t,he ga.ses as. the 

solution composition changed. 

When tests were oa:t:>ried out with solutions ·pre ... 

pa.red. f.rom a. fresh bottle of· ammonium sulphite out. of' .stock• 
.. ' . ' 

no oorros.1.on ot ·the tsst specimen. took ple.oe what.aoev:er .• 

Th1s rerna.rkab1e result wa.a explained. 1men i't wa.s seen t:hat 

the vapours had altered in aompos1 t.1on., ri The eonoentrat1on of 

ammonia .had r1sen from 1 .• 04 m@ll/litra (0 .• 62 1pm11lf$•} to 15.7 

mgm/litre (U. mm.Hg.), while the sulphur d1cnd.d.~ oondentrre.tion 

d.ec:rGa.sed. trom 3.74 mgm/litrs (0.-,59 mm.a.e;.) to 0.24 mgm/l1tro 

(o •. o6 tmn.Hg.). ·Thus,,· 1n effeet, the epecimsns w.ere attaokc;id 

by vapours.with an entire'ly d.lfferent gas oompos1tton and 

eont.a.1n1ng an exoess ot' a.mmon,.a, whereas., previously, thera 

had been a slight excess ot sulphur dioxide. It ia th.e:rtJf'ors 

probable that th&.practice of .adding ammonia to the vapour~ 

oontta.1n1ng·sulphur dioxide ·in banzo1 treatment p1ants(57) 1 

should be effective in preventing oo:rroid.on. pXoov1d~d. that 

the dosage is ma.1ntained continuously and :ts not int.erruptad 

f'.or .a,ny length o.f time during the operation·. of the pla.nt •. 

::r:.n such a oa.se the su1phtir d1oxid.a: attaok would ta.ka plao.e. · : 

. irigOrOUSly, &nd. ntlght nullify thS beneffCilll. effeQt :Of' the 

addition of a.mm<;>nia. 

An analysis of the new stook .solut.ton showed 
··'. ·. 

that .it tilas e.mmon1~m sulphite wtt.h an exoeea of ammonium ton. 

veey likely;· the f.1rst bott1e ha.a altered in ,composition on 

stand.ins tor a number of years a.'fter l:>eing opened... The 

ammQn1a pttobably evaporated until a ba..la.noe was aet up with, 

ec,.ual partial pressures of· ammonia e.nd. sulphur dioxide,. after 
' . 

wh1oh the ammonia. and sulphur d1od<ie would come ·off .in . 

constant proportions. This .theory.is substant:1stGd by·the 



page 87 

Plate 23. Shawing wh1~B Ferrous Sulphite 
on Test Specimen. 

x 2 
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f'isures obta:tnoo ·ror the partial praeauree. s1noo the vapour 

pressure is governod by the number of moleculoa of gas prGsent,. 

o..n4 though the vapour pressures or the two gaeos m&y be equal, 

·t,he equivalence of sulphur 41o:xide :ts greater than that ot . 
ammonia, and. p:rovidos an excess or sulphurous acid on conden• 

sat1on to react with the mild etoal test p1~oes. 

~n ettort was mads to reproduce the previous 

corx-os1on results· by convert·1ns tho second oclut1on to the 

first before ca.reying out a test. sulphur dioldd& was passed · 

through a freshl.jr ma.do ( approximo.tely 101() · solution (A) until 

it wa.a oa.turated and sasi·was g1ven off when it was shalten• 

This new solution (B) wa.o th~n hea.tQd to eo0 c t.o obtain. so.tu• 

rnted oond1 t1ons at tha·t temperaturG, And attar ooolins, an 

analysis was mnde whi.ch gaV$ the tollowing flgurest 

Equ1vn.lents.ot S02 par 100.ml .... 0.3540 

Equtvaionto or Ns; par lOO ml .... 0.1530 

Concentration ot. NH4Hso3 . 11'1'· 15~ 

There was an excess ot·sulphur dioxide. 

A a-hour oonoston test wa.a run using solution 

( B) 1n tho fla.stc.. Cf.n:•ros1on occurred. immediately, and wa.a 

ohn.racteriaad by a black· deposit ot ferrous ,sulphide ( 62) 

covering the surface ·Of th.e specimen.. ·Towards the end of the 

run, the depos1 t appea:rod to frost over.. when 1 t became coa.tOd 

with a wh1to la.yor (Plate 2:5.). The corrosion product wae very· 

thick, ·hard. and tenacious. Underneath, the metal showed that 

it b.t"id. b0en .attacked uni.tormly and very v1goroual.y, tor the 

sra1ns sto04 outprorn1nently, The corrosion result 11&s very 

high, over 1.2 8'J1l beins lost in tho t'Wo hours· of the test. 

In the !"SOelvor for collecting the ooniienaate f'rom the test 

apeclmen, a wh1t~.,..oolourea salt oeparated out. Upon heating, 

1t decomposed to y1e14 o. bro~m iron oxide. It had a r·e4uo1ng 

a.ot1on on 1od1ne; 1t was only o11ghtly soluble in water. but 

t11sso1vad t1hsn sulphur ,dioxide wns passed through the l1qu1d. 



t. 
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· Thus the salt. GXhibited. ·the properties of' forroua aulpht,te, 

In thia teat, ·the sulphur dioxid& .oo.n.c~ntrat.1on 

ln_ tho· gaa st1-teStm tm.o ""rl!.a'l!y la~ge. so larg~ tiras · l:t • that t .. he 

usual m$thod of estimation of' the gases' WO.a· not· ea.1?ried out, 

but d.iroet 4otE):rmlnat1on in the· analysing line -· Wa.s used. 

st.arch inclt.oator wa.s added to tbs . iodine a.b.a.or'bsnt, and the 

. ·volume. not elf· on the ··:sasmet·sr ·t1he:n 1 t. was t! trated by .sulphur 

.diona.e. rrom this.figure. the ooncentrat1on was ea.loula.todft 

- . It wan not a vet"!/ accumtG. method. of ~atimation:, but ·to~ the 

high p~port1on ·Of' nulphu~ di·O~de ·compared Wl th. oth()r f.lf!;\lt'G$, 

it was ret;ard·ed. a.a being suff1o1ent11 .. t~.to• 

Corrosion i.s so· vtgor~us that· 1t i 1a probable tha.t 

41:reot a.t~ock ta.lt$G placnz,.. Tblo 6.cduot1ol1 is aont1m~ by 

drop teats that. were carried ou:t on the cona.onse.te .from a . . 
typi?a.1 ~- th~ .or1gin&l solution ant! a solution ot sulphu~oua 

¥4.Cid, ln ea.ch oaiaie111 the forma.t1on of the black co~ros1on 

pre><iuot wa.s itnmedifite, and.. th$ (i.:re>ps ,showed 8 t·Gndency to 

sprGa.d* wh1oh would rQault t.n f1l:m formation under cond.antdng 
- . 

. " 
contltt·ione nnd prevent olectrolyt1o &ttaaJt by drop•cs11th 

Also, in contria.at to tll~ ca.sas of d~op·o~l.1 attaolc., no ~orro• 
) 

sion spats wers notlood an<! thG atte.ok was un1f'om over.the 

.. surface. 'rho substa.nees det·octe:n. in the· oorros1on pr«tuct 

. that ad.hatted. to the msta.1 lfG~O f$rrous :SU1ph1de~ r$rric htdr"• 

· oxldo ;&nd ferrous. sulphite, wh11e the condensa.to oo11ected 

tz.om tbG tGat .apooltnen .consisted ·Of brown fs~r.1o hydroxide 

dissolved 1n tm ac1d1e oo1ution or terr,ous sulphite .£'1.nd 

sulpbtlte ( 62). 

The mscbt.\n1sm of o.ttack 1.s deduced tc be as 

fol.low1u• ThG tron d1
1
ssolvEts in the oo1d1o (lond~nsa:t.a to yield 

· ,a, t11o~ut1on of f tilrrous sulplll te. 

Fe + 2u• + so3•' ~Fe'*• + -so,••+ H2 · 



Atomtc iro~. 1s a str<>ns 'roa.ueins as~nt, ev.i:i>n str!l)nga:r ;than 
' : 

hydrOgenJ and 1 t ~oducGs th.e t;errous oulphi ts to fGttJiOUs eul-

pblde oloaG to tho motoJ. aurtao~. (6')• ·:At. the same time. 

f'or-rous ~drox1d.,o 1B produoea. and. cc>nver\ed. to feJT:i.e bfd~ 

o.dcl~ by oxygen of the air. 

31-"G + FGS03 + 'H20 ~ FoS + JFo( Oft) 2 

4"G(OR)2 + Oa + 2He0 ~a:r~(O~)' 
.As the coo.tins of sulpbj.de sate thiolter, 1et11e oontaet .la mad.e 

botwoen tcn-ouo sulphite and iron atoms; so.that it 1$ no 1ong$1" 

converted to ,~ulphl.do, but 1e pre<d.p1tato4. ov:slfi' tbs su!r:to.cc 

·when tho solution becomes suporoaturated. •. · re~ua su1phlte .1e 
. .: '• ' 

also oxidised by oxygen to oulpbato which s:s teund dissolved 

in the condenstJ.te. 

The resulto tha.t were cbta.1n~d •. 1nMce.te4. that 

th{!) oo?To~1on of' the tost spoclmena b7 ·OOn4one1ng vapours 

depondod upon tho proport,ton of ammo.rd.a ana .su1phur dlox14a 

in tho vapour, and henco upon the oonot1tut1on ot the ,solution 

.in th.a flask. 

A ser1es ot to.eta was t.hen ea.rr1ed out, to 4oter­

m1ne to what ¢jJttent this waG tho case,. Testa or · "hwo houirs 

duration were run us1ns sclutlons in the t1aek ot vnrot.'-ns 
propot-tlons of ammon1um .and su1p)11t·e ions in or«or to· evolve 

d1f'terent oompositione ct ammonia ,o.oo sul.phuir dlo.dde. Tab1es 

a.re drawn up (page 91), tha.t :u.,;t. the a"lelat1on.sh1p betwen 

the solution conot!tut:ton, the compoe1tton ot tho vapours amt 

the oorrosion.. I.t mn1 'bo sebn that the vapour eomposit1on 

d.o~s not bear a dstintte relation to the oompoeition ot the 

oolutionJ bUt oorroe1on io 1llfltumcsd 'by the amount of sulphur 

dioxido in the vapours. Graphs· of oorrosiona.ptnst ooncen• . ' 
~ . 

tra.t.lon ot au1phur 4iox1d.e in the condensate (11.igu!'Ga 10 prnet 11) 
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wore drawn, which f1 tt,od· the points ,obtnlnod from the ;tea.ts 

veey closely with the excGpt1on of tt-to resttltsiJ one of whicb · 

wae undoubtedly o.n axpartmental e:rror,.s1ncG difficulty wa.s 
. ' ' ' 

exPerienoo4 in getting an. ov~n flow ot gae~a through. the 

apparatus. Tho oorrodtng gases wont ttiroush the corrosio11 

chamber 1n a sor1e.a of spurts. The 10losena$a ot thG elq>erl•· 

msnte..1 points to tho curve, is a def1nite indication that 

att.aek wao uniform Md dlreot. The rate of attack was very 

rapid up to a concentration of abo,.tt 10,: aulphu~ dioxide in 

the con~ense.te on t,ho test p,_ece. ·Thon the rate d"reased to . · 

a constant value. 

These results pointed. tc> the conclusion tlmt .· 

oorroa1on by the va:\)oura r~om solutions conta1n1ns ammonia. and 

sulphur d.1ox1d.a (or ammonium sulphite ... b1su.1ph1te aoluti~ns) 

was 1n some way govemed. by the sulphur 41ox1dQ concontration 

in the condensate on the test piece. The 10\fer rat~ ·of atta(.lk 

at. the higher concentrations was probably du.e to tho protei:rtion 

nrtorded. by the corrosion products. The results did not appear 

to be mater1a11y sf'tected by the ammonia. except pGt"ba.ps s.t tbs 

lotter conoentrat.1ono or ,sulphur dioxide• when t)le ammonia con• 

tent wns vory domino.nt. Certo.1.nty could riot be reaohetl ,on the 

la.et s~ppoait1on, however, bacauae the part1al preasurse do 

depend on the solution compoa1t1on. When the mnmon1a po:rtS;al 

pressure is high. the su.lphttr ,41oxtde pert1nl pressure ie l.ow, 

and vice versa. It ia not ,possible to get both ooncontra.t~ons 

high at the same ttme d1%iectly f):lotn ammonia • S\1lphUr d1ox1de 

_ solutlona. ao.nsoquently • it w-ao planru:Jd to run ordinary teets 

with a solution y1a1cU.ng a hi sh oulphu~ dioxide tiguret e.nd to 

introduce ammonia into the gas phase d1raotly~ 
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Plate 24. Ammonia Injection Apparatus . 

Plate 25 . Clo,se- up of Modification. 
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In order to hav~ high concentrS!t1ons of both 

gases in the vapour.a, the a.ppa:ratua was modified (Fie,ur~ 13 •. 

I"lates 24 and 25) • Ai1' was bubbled through a solution ot 
MmlOnia, kopt at 8000 by meo.ns Of Q S!tnmerstat. h.~at1ng .mantle •. 

The concentration of the; ammonium hydroxide was varied for 

different teat runs. 1n order to alter t,ho amount or amm.on1a. 

1n,, octGd 1nto ·the gne stream. Immediately attar thG ammonS:um 

Gtt.lph1te • 1:>1sulpbit,e solution tla$k, a ·mixing tube waa r~~tted, , 

into which th.a ttro gas st!!'eame enter•eid. at right .angles to OtlCh 

other, wore m.1.xod, and passed into.the oor:roo1on eha.mber. ThG 

m1x1ng tube was ?t~pt at a temperature wail above sooc bJ helit• 

1ng with a sma.11 go.s jet,,. t<> prevent oondensst:lon taking pl.aoa,. 

DU~ln.e; a tr1a1 run to ost1mate the vo:pour ~ompo• 

sltion, the ammonia and sulphur d1ox1de f'ormod a. tume ot 

ammonium sulphite,, wh.\"h was not totally absorbsd in the 

annly.sio line. However, tfh.Gn an additional wash bott1'9 con• 

ta1ning a.aid • .tod.1no absorbsnt was included in the system. 

it. proved to be ad·equate in removing all the tumes be.fo~o 

the lti.at we.sh bottle, • 

.After consUl.t1ns ta.bl·GS for the vapour pr>ossure 

of ammonlo. Golutlone At so0a. a O.OSN solution wa.s·uaod. in 

the nmmonium hydroxide flaalt for thG first corrosion t~st. 

corrosion 41Cl talc~ place, though att.ack.wa.e no longeruntform 

over tho whole surface, but ocourred in fairly large p.atohtlSJ 

and there was a change in tho nature of the cor3:'os1on product., · 

whloh ooneiatod mostly of ferric hydro:K1de w1th e.nn$.1l amounts· 

of' ferrous sulph1d'3. Th.G condensate trom the test piece 

oonta1ned fGrrous eulphi te.. :ferrous sulpho.te, a.nd tt greenish 

hydroxide preoipito.te 1n ammonium byd~xlde solution. Tho 

corrosion result was 'reduced to hbout o. third of the corrosion 

tor a. correspondins co,ncent:rtttion of sulphur dio:d.llo 1n thG 



condonsate w1 thout o.rrimonia. 1nJootion. 

Th~ ammonia solut!.on was diluted to on; half Qf 

ito aoncentrationJ an4 another .2~h.our tost was run. Thls·t~rno, 

corros.1on was x-ap~4 Md of tho straight Sl4phur dioxide type 

with tho p~duot1on of a black ferrous sulph1do d.epos1t. The . ' 

tota.1 corroa1on tfa.a, howevo~, also cut d.own., but not by such 

a. srea.t amount~ as in tho tlrst tost,., R.,sults ot te:at.s a.ppo~ 

in.tho table.on page 91 ruid. e.ro plotted, on Figure,12. 

A.f'ter f'Ut'thor toats w1 th. va~!ous co.ncontrationa 

ot c.mmonia. end aulpbu.r dioxide, 1 t became elGat' that the nat~ro 

ot the corrosion. could be divided into ttito tnes aecot'4lb8 to 
' ' . 

the CO!'~s1on product fo:rme<l.. Th$ .firll.rt, w1 th. less~r a.mounts .. 

ot ammonia intjected, im.s slm11ar to normal sulp~ cu.oxide 

attack, with perhaps 'more fel"ric hydroKid~ being forimaa.. !ho 

other occurred in the presGnoe of f#e&t~n~· am.ounts ot ammonia., 

and rosulted ln 11ttle or no formation of tarroue au1ph1de,, 

In thin oase. tho 1noreased proportion or ammonium hydr.roldde 1n 

the condensate, reduces the ao1d.1 ty or the solution, the, 1sol• 

ub111ty of tho oxide t,,.lm. timd hence, the ease mtb whioh tron 

passes into aolut!on. . The 1ron that does dissolve, entsrs the 

solution a.a ferrous 1ons1 te?Prous hyd.~ltide bQl.ng the ma.in 

product, and :ls 1mmoa1a.tGly prec1p1to.ted as ferric hydr>ex1de in 

the presence of disso1.ved. ·<>~gen. Amounts of sulphite may 'be 

co1'1vertod to sulphide ln the u·eual ma.nne~J but, a~ the eor1oer1-

tratlon of hy4roxl4G .inorea.ssa. this tend$nOy gotfi less. and 

cx14ation to sulphate i:n more often thG case. 

s1nco the 1nt:rod:uct1on of ammonia into the sas 

phase dooe no\ att"ord complota protsot1on from a.ttaok, it ie 

suggeat.ed. that a more off'ect.1v(lJ e.na. convenient ·method ot oo.M!'~ 

s1on prevention, .la to o.lld ammonia to the mother '.U.quot' \l-?t11 

tho vapour prosaure ot sulphur dioxid.e 1s so reduoed., that 



• 
oorro•lon 1• overooae. The Po••l'blll\7 of \hS.a ~ wa 

d-.,n11\rat.ed bJ l'Umdng an amonla irl.f90\1011 t.en wl'b a taS.1'11 
blgh IUlplmr 41ox14e eonoen\ratlon ln \be T&POUN• The • ..,._ 

it.on ftguN waa 59.8 11g11/u1• Th• amonta pa .. 'Ma "'* ... 
\hN\l@h \he eolut.lon tor two boUN 1 an4 toli.ovecl _. a nNl.lb' 

'"'• wtd.oh ha4 a negUgS.ble eulphur 4loxl4• ftguN u4 \hit 

oorro11on waa rectuoect \o 0.11 WIA/a.1• I\ 11 po1at.e4 on, 
bowever, t.bat. pNWD\loa ot oorro1S.on 11 on1J ettene4 "1 
a441ng a attf1olent .. aat.l\1 of mom.a t.o \he JIO\hel- 11.-., 

~ lt luutf1o1ent 11 added, oorroalon _, 'be IO&N•1J' atteet.111 

10 that the lnJeot.1on ot tb11amount ot auonia 1do the pa 

would be more benet1o1al ln t.he reduot.1on ot tot.al at.u.u. 

!IP9Hr PN§fUrtl. 

H.F.Johnatone (61) meaaured the part,1&1 ..apomi 

pre18\1Na over a range ot oonoentrat.1ons ot amonla &nl "1•• 
t.1v• oonoentrat1ona ot sulphur 41ox14e 1n eo1ut1ona ot \be 

anonia-sulpma dioxide-vat.er ayat,em. Formulae ,,.. 4erlw4 

to exprua the partial pre1aureaa-

~,. «·a<o - a> 
s - a 

vb.ere c S.a the oonoentrat1on of ammonia ln moles per 100 •1• 

of water anct $ 11 the oonoentrat1on ot eulphUr 41ox14•• The 

values ot t.he oons\a.nt• N an4 M, are given bJ log I • 5.8'5 • 
2'69/T and log N : 13.680 • 4987/T, where T 11 tM abaolut.e 

teperature ln °x. The ~1al preaaure ot wt.er to11ow 

RaoUlt.'a Lav. Johnlt.on•'• meuurect reault• v.-. reuoublJ, 

\bough not strlotly, in aooordanoe with th••• fo~. 

The f1gurea obt.a1ne4 tor the vapov pre1aurea of 

ammonia and aulpmr dioxide trom ammonium 1ulphlt• • b11'11phlt.• 

vapours 1n the oorroe1on t.e•t• shewed a very sreat. 41'Nl'SW• 

trom the formulae. The mea8U1'94 'Y&luea vaey 'between a fa1rl1 
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Oloee agN•ent an4 OT91' 3,000 timee ~ Oa10U1a\e4 flgUNee 

Oonoem. wae felt, over t,bis 411orepano7 an4·&n uplan&,1e>n vu 

aougbt. 

It 1• po1nte4 out that under oert.ala olro_. 

atano .. , the tol'lll\ll&e give negative value• tor \he yapour pr• ... 

urea. Thie la a phya1oa1 lmpoaaib111ty. The olremaauae• 
' 

area (1) when the oonoentrat1on ot ammonia Cc) 1• snater 'hl.D 

twloe the oonoentrat1on of sulphur d1ox14e (S), an4 Ct) vbla 

the oonoentrat1on ot eulpbur d1ox14e ls greater t.ban tlMt eon­

centratlon of annnon1a. When the oonoentratlona are equal, 

Pso2 • " and PNn-, • o. The answer thererore 11•• 1n \he re1a• 

t1ve oonoentra\1one ot anaon1a and eulpbur 41ox14e, aml \he 

formulae onlJ appl.J when the relative oonoentrat1ona are nearlT 

equal an4 when o 1e greater 'ban s. All Jobnat.one'• reaulta 

tall ln thl• oat.egory, and the ammonia an4 sulphur 41o:d4• 

have oonoentrat1ona with a alight exoeaa ot ammonia. 

Johnston•'• rormulae do not, therefore, applJ to· 

the values enoountered ln the oorroa1on experiment.a, an4 \here 

1a no reason to euepeot that either are ln error. 

some typical resultaa• 

0 s C&l.oulatecl M.aaured 
NH,JlOO H20 502/l.OO U20 Pim, Pso2 Po, 'sot 

Examples trom oor:roe1on testes o.,a o.o6 4.28 o.se -1.84 9,7 
2.42 l.'6 3.00 0.01 0.10 1.11 
2.76 3.19 -0.12 .4.35 0.10 97J 

with nitrogen 
-3.78 0.01 o.08 3.75 2.53 1.09 

F.xamtl•s troa Johnatone'• works 
2.1 11.6 2.9 21.'6 15.71 u.s 

22.28 20.35 1.3 51.4 2.0 '8.6 
5.869 4.274 J.l 1.0 4.0 1.1 
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A drop test, using d1atil1ate from a solution. · 

ot G.mmon1itm n1t.r,nte, showed that oorroaion by condanains· vrtp• 

oure f.rom Mmon,.um rdtrat& solut1on111 could be ~xpected to t-akQ 

p1fl.OO by dttop•ooll attack, and thet at.tack wouUt in all prob• 
~ ' . ' . 

ability bo quite lntetwe, A ser1$S of oor~slon tt;Jsta was 

therotore started,, to 4et,amtne t,he oorroaion cui~e and tho· 

procoss ot attack 'by oond.ons1ng va.pours. 

AlthO""..tt;.h a n'ttmber ot workers hnve 1nvsst.lf39,ted 

tho vapou~ pressuraa or Wlltor above aolut1(ma of .ammomJ,tm · 

nitrate. · a.11 tbe:t.r doterm1riat1ons were crwr!~ out on tH:>noen• 

trated S01.Ut1ons, and no GGt1mntion Of t.be partial pt-o~eu~~~ 

ot thG other oonst1tuent.s ·or the VllPOU):'a wa.s a.ttemptedit 

·v.A.Klovke (64) ntc.tes that the~e is almost no decompos!tlon. 

· of ammonium n! ti:•ate during evaporation of lts aolutlons ·at 

atmosphst"-1c or reduced· P>N~asut-e. As ha.e b0en G.$en in the ob.se 

of ammonium tbiocyana.te vapoura, even vary small amounts of 

dissolved oom9ounO in a oondensa.te tnay btl:ve a. gt"'cat. oftEJOt on 

th.e oorros1on reaotion. o.n<l benoo thG amount of deeompos! ti on 

that docs ta.k.e plnoe in solutions of' ammonium ni tl"a.tG may bt!J 

ot 1111portw10Q 1ri the oorros1 ve aotlon. t.1:'lon sol.id a.mmon1uro 

nitrate is boat.04, 1t norme.lly decomposee to f'Ol1'l!l N2o and 

water atf;t~ing .at 11o<>e1 wt tdth extremely careful. ht!}tt.tlng~ 

a. groat part of 1t may be aplit. up, undeeompoaed, into Nff.3 006. 

m;o3, '1hen 1 t shews the phenomGnon ot aub11raat1on by. condensing 

again on eoolor portions of' . the vsasel ( 65). I\ is thorotol"G 

thought moat likely that docomposi ti.on ot e.mmonlwn ni tra.te 

doea .not t11ke place a.t the tomperatu.re.ot the sol'ut1onln tho 

t,estsj but it is apllt up in ths v~pcurs tro·m th~ .aolutton. 



aa NH3.anct BNo,. 1'bis auppo~ition io 'borne out bf t)le alb• 
. ' . 

11ne nature ot tho conderulato. It the ammonium ni t.ra'fit3 

·4eoompoeG4, tho vi;pou:r oondenea.te wou1a ba ac1d.1o ~on. ~ccount 

ot tl1$solvcd. nitrous .oxido... Fu!'thsr- .oont1rmo.t:1on ia rece1vai:l 

tr.om tho obse"at1ons of KlG'Vlte· and Kask1na. (66) who found 

that ammonia had a h16hG,Z- vapour pressure than nitric· ao14 

over solutions oonto.5,n1ng SS;C "'"' 851'· ot ammonium m.trat'e• 

• 
To begin td th, a .51' solution of ammonium nitrate 

. . 

was used in a trial run; to determine· the va.poura propo.rttons 

·at ao0o. Th.o system tha.t was aev1Ged to nbao>?b and 'atimat~ 
th& vapour ·Const:tt11Sri!is1 was Qlao used ln thl!I! analysts o.nd. 

cc>~rcelon lines durins corrosion tests. Moistu~s was onos · 

aga.in condeneod f'md run 1nt.o a tttba, that was.· weighed t.o s:et 

th.a wntori eontentt The. gases w.ett~ then bu.bblea tht"Qttgh a · 

. stand.e.:rd solution ot hyd.:roobi.orlc .ae1.a.. Both ammQnla. and 

rd.tr1e ac1<i are a.bsorbod 1n tb!s solution on account of the1r 

·sront solubility. since armnon1a has a. bighet- vapour pr$asu.~ 

than nitric ac1d over solutions of nmmon1\tr'4 n1trat~; the 

ex<Jess of tree amm.oni.a. tl!'as tound by ~i trati<>n of th• un·re11ct~d 

$014 1d.th standard .fl.1ka11., ·Then .a~. excesa of· sod.ium bJd.rodd~ 

wM added., and the ·t.ota1 ammonia determinGd t?y d1st111At1on 

into standard a.01a.. The difference between these two.values 

giVGt1 thG ooncsntra.tionof n1tr-1o a.old in the v~pours• 

It was f'ound in this \est., that the oonoontrations 

ot ammonia and. ni trio acid in the vapours we~e :rather on th~ 

lo\1 id.de, so 1t wo.e deemGd advisable to inoreaae the s<>1~t1on 

cono0ntrat1on to 10% bofore oa~rt1ng out oorros1on tostta. · 

Unfort.unatoly, tthen this we done:, lt reeulte4 1n the oloe;gtng 

ot thEi! deli very end ot the spiral tubG! for bttbbllne a1r . 

throu.gh the solution. As the hot air bubbled. out of .the ho1os, 

~o1ution tta.s evapcratGd. inside t.be ·end of the tube, and .b&t 
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Plate 26. Pitting Attack by Vapours of 
Ammonium Nitrate. 

x 2 

Plate 27. Spreading Corrosion Streak. 
x 2 
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no timG to redissolve before a now ooe.tin.g tfo.s · aopoeited. 

Thus tho ls.yer ot ammonium ~itrato·waa bui~t.up un\11 ev~nt~ 

uall7 tbs gas flow ttas r>est~lctod and stopped. · 'tha <iepotd.tlild 

· ee.1 t could be ~etl1esolved very rap~,dly 'by stopping tho flow 

tor a moment and a.11ot11ng th~ solution :to tmsh back l.nto the 

. tube. This method ma, have been ,tJU!te.ble tor the ehort period 
' ' 

tests; but it was r$a.11sell that it would be·hazardou.a to 1ea.ve 

the apparatus unattanaea tor more th.an a.n houz. at a t,t.mo. 

Conoeq:uent1y th& solution was brought baok to $% oonoentratiora. 

At tht> comnu:~neel!l&nt ot tl'lsts, the condensation 

.. i 

·on th& test piece surface seomed t,o be a m1nu·re of' dropw1aGl 

and f11m-typeJ and lt ~ppea~~d at fl~at that the ammonia had 

s.fford.ed compl()tG protection to the stee1. But ao.rro.Bion 

was slow 1n starting, and only a very t&w npote, on ths meta.l 

surtaoe \fGN attaokcd:. Dou.bta wero re.leGd b$co.uae. the drop 

tests ·he.4 indicated th$t tho attack ahould. most likely ·be 

.intense. A sample of eondttrnsnte was then ua~d tor another ~op 

teat, e.nd th~ ~esults tfere 14.e~lcal with thG o'bsGM.ra.t1ona or 

tho ,origlnal .test. oorroslo:n t,o-ots were cont1nuoo, a.nd it 

'became p1e.1n thnt attack waB 1ndeod intens¢ at those spots 
I ' 

where calla M.4 devolop~. 'rho penetration was muoh gr.eater . 

·than tor oorroapondlng corro.a1on t"'esults tor' d1Gt111ed we.to~~ 

.Attack wa-s a.u.e to a.rop·o~lls (Plate 26), ·and th$ QOnos1on 

deposits o"/ar the p1t holes oons1sted ma.inly of r~rric h;V_a.r­

oxtao. The cond.onsa.to was ·Mntinotly alk6.1ino. As. corrcm1,on 

progressed• the coieroded M'G&a near the. t-op of tho sp$ot.men 

Sf'ew 1il sl0e untl1 the- product ·spreeil into broad etrsa.ks 

(Plate 27.). In the tests· for tht!l longor periods, some ot the 

corr>oeton product was t.;e.shGd dotm into the condensate rece1 vor,. 

whel'G 1t appearec!l as a prec1pitats 1n the alkaline solution. 

Th$ oo:rrosion · f#'O.Ph shot1ed a rapid :rine .1n aor.,.. 

·~ed. on to begin. wt thJ the total. corrosion wa.s mu.eh a.li>ovG" tba 



T~Bt P1GCQ Duration Total Corro&;:1on ecrro.s!on Points ot Condensate on Cooling water .Heat ·Rate of 
Number ot Toat ObtU!~t'Vt\Xi, corrected. 

me,ru/d.m2 
.Attack TEJ!it Fi&CG Tempe:ra.ture Gas Flou· 

hours mgm mgm tt • o. /hour . oc ea.1/min om/irJ.n· 
' 

IV 2:00 2.9 2.9 4.9 
j 

102 l.& 16.02 ao a.11 
III 2100 2.6 1]? .• 6 4.4 175 1.7 17.05 99 9.6 

IV 8t00 a.4· iJ.4 7.,4 172 1.3 16.21: 103 ·s.o 
!II 8::00 5.6 5.6 9.4 170 l.4 Ui.65 89 7i'.5 

II.I 10~00 1s.a i:;.1 ~2.0 500 l.6 16~82 l.OO 9,.,3 

IV l~.HOO u.1 . lA.6 24.6 ·• 1~8 11.16: ··1oa 7,.9 
III. l!:OO 16.5 ·16.4 :a.6 530 1.1 ~ ·1oa 7.7 

IV 18100 17.4 17 .• , 29 •. 1 545 2.1 11~01 101 a.:; 
III 18100 19.3 19,a 32.4 594 2,,2 16.85 103 8@8 

·' 
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attack for wtor · wpe>ur • though the numbe1" ot polnta ot attnok 

ware only about 100 aga.1net a300 tor wat.e;' ·vapour a.ttaek.·· The ' 

' .rate ot attack d.coreaasd .rap141y, ttnd not much more corrosion 

had taken placG at· e.1ght hours., After 't'tbout .tiine houra how• 

ever,. ther.e was another very sharp rise in oorros1on rate, 

which a.gain elowea down till the tatn1 corros1o.n w.e.s n&tU*ir the . 

same as that· tor wa.tor vapour a.t eighte1en hours. Sb1CQ tl'l$ 

.number of points of attack at thls ·stage, wae abou_t 560 tor . ' 

ammonium niti-at~ vapour and 3500 fo~ wa~er·vapour co?TOa1on, 

tho penGtratlon fo:r ammon1um n1 tra.te muat bs 1n the neighbour- ' 

hood of' .six ttmes &a d.esp as for water vapour. .. the. curve 

app~:rs to :tollow a simlla.r aouroo to that. of the corrosion 

of aluminium· by the atmosphere (67)., and thu,· a per.1o41c· break..,. 

down and build up ot a. p.rotoctt.ve ooat1ns must tak'G place, in 

l:t ls concluded thnt thQ follcwingp:rocGae takes 

ple.co liur1.ng a.ttac~ by thG vapours from solu.t1ionn of' .a.mmon;1um 

nitrnto. Because the vapour contains e.n e)tcess ot ammonia, 

thQre ls a strong tendGncy to~ the condensate to maintain.tho 

thin protoative ox1dG tllm a.sscoia.ted .with high pH•s.. conse-

quently, attack dooe not begin ve't?f readily. ·nor doGs lt covor 

a large area with. e. great number of arop-cG1ls. In any CQ:Ss, 

there is also the tenc1enoy of an ammon1aoal condanaate to 

spread o'V'er the surface 1n a tilm.. But bocauee the t,otal 

ammonia. content is .so low• thls tendency does not. preva.11, o.n4 

. oondenoa.tion is .almost completel~J' dropw!o~~h Nsverthcloae,, wh~n · 

a large amount of cond;e.nsato has fo~d., th.era is an easi"r 

production of wide streama or condensate., which ms.y tend to 

blankQt drop-cell oorros.1on. 



~-

in attack bf oolutl,ona er nitric ncJ.4,, the cathodic ro.aoti.on 

cons1ats in 1ta rGduct1on to form nitrout:! ,acid, pr'°''idQd 1Jhat 

the r-ea.ct!on 

HN.oy. + 2n --- HM02·· + Ht\O 
,;,/ - :c; 

procoGds .at a a\tffioient rate to rsmov~ the ntom1c ·byd!'ose~ · 

procluc.od by tho roa.otion 

a•-+ e ~a. 

Nl tr1c acid. corrosion. ot !ron ttit.kos p1acs only e.t · conotJntra.• · · 

t1ons btr.)lot>1 GS~; nt higher ooneentrat~ons 1r-on beuomes p.asa1ve­

M •. sm1B1kowsk1 (69) (70) has deoerilbsd the intE3rerysta:ll1no . 
. ' 

orncks tho.t oocur on ~gh1y st.re.os~4 sect1o.ne and a~ound. rivet 

nn4 bolt hOles in the prosaneo ot nitrates. D.'D.CUb1eH,1ott1 · 

anti w.M.Boyer {71) round that bOth n1tro..te Md an acidic' cation 

W(ll"G ncessaQl'ty tor stress corrosicm to oocur.- tU.\rat.tSJs. net ao 

oathoditl dapolo.risern a.net. according to E.Mttl.ler (72), permit. 

· oorroa1on in t.he absenos cf O)TJ'gen, Being oxidising agents~ . 

th<:ly alao inhibit t,he a.noc11o reaotlon. 

Under conditions ot contlensing vapours, t!ie 

corroa1on is concentrnted at the wea.k points or nn ()thet'wiao 

proteotlvG film of ox14ea Since t.h$Sa poi~ts reprosGnt·onl.y 

e. minute traction of the tota1 aren, o. very. alight ~tt,M1t wl.11 

represent a. vary high anodic current density with tho oo.nse• 

qu~nce that the penetrat:J.on td.11 be 1QrSe1y ino"ased. .a. · 

study of tho priooesa or oorroslon in a. d.r-op. ~$at, atisists 1n 

the devol.opment of the th$Oey ·of attack by .oondensea. vapour, . ; 

but 1 t is n<?t .strictly a.pplioable a1J10G tbs oatbodio nroaa 

~re prol)ortiontllly mu.oh e:rea.ter .• · 

At tho waalt points of the .oxt(le film • the· 8.nodG, 

aroas .... ferroufll bydrox1da 1.s dissolved in the ammonium salt, 

wblch, in solution, ho.a a pH low enough. to· permU~ solution . ·<;>t 

tho hydroR140. But aa the fe"'oue ions oomG inineontact with 

oxygen .ln the oond.enso.to, they are ox1lU.sed to tsrric. io.n~ 



.and torric hyd.roxido is· pree1p1tt?i.t.ea. ovGr. the point <'Jf attack. 

The prec.1p1t&.te OGVQr prevents oxpgen fztOm :rea~rJ.ng the anod~ 

area to rebuild the praotocti vo oxide t11m, and attnolt tQkGs 

place by ~1f'terent1al aeration. Aa th& cispoeJ.t sets thlalt#lrt··• 

thG mobility or tho ions ls retarded and .ttw. cort)!'()Sion rate 

. gE>ts less~ . Between e1ght o.ild nino hoUA"J egposuro, B su.d.d0n · 

ap.reoolng cit the~ corrodod a~ea. taltes place aocompanlo<t by 

tu:rthe.:r breakd.own or the oxid.G f'ilm, and the :rat& of a:tta.ok 

oneomoro 1no:r-eases.?'ap1dly. In due co~rse, it &leo gets lQaa 

when the corroded a.rea.s ·bsoome coated tdth a. outf1c1e:nt:ly 

thick· la,yer ot product to f'Sdtto~ ths att,aolt,,, .. 
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T.he 4:rop teat ls ·an important auxtl.1ary to the 

study ot corrosion by condona1ns va.pour-s.., In the t1r-at pl.Me, 

1t affords grea.t a.sa1stanoe in •!lotel"minlng the probab.111ty or 

improbability of attack. It a1qc indicates what type or cot--

.ros1ve a.ttaok 1s to be expected• whether d.rop-cell corrosion 

or dir<3Ct uniform attack; and. provides an Qr;sent1a1 guide for 

the dstsrm1nat1on of thE:t nl1turo of tns oorrosi va process. 

It is a v~ey rdmple test a.nd may bo usod. with advt.Lnta.ge when 

test.tne; to el1mina.te poor mo.t~:r1a1a from a corrosion stand• 

point, ana osper.la.lly 1then a search. 1e being m&ie for su1 te.ble 

metn1s or alloys for u.se under condensing vapour co:n41t1ona. 

The procedure that was followed :in tha d:rop t&sta 

conducted in the laboratory, .is a.s to11ows. A flat p1G<:e of' 

mild steel was smoothed. down, fir.et '11th. a. file, and then the 

usual series of gr-Ades of emery o:toth until grade No.o waa 

used tor the final rub. The ourfaoe \ms thon washed. · w1 th 

et.hyl alcohol, followod by ethori, a.nG. the metal allowed to dry 

in a desiccator. A la.tte:e drop was fomed on the preps.rod metal 

surtaoa by e.1low1ng two drops of the corrodlne; solution to flow 

trolJl a. pipette. A plastic. r1ns tma pla.oo-d r>ound this drop and 

the ·whole covered by a microscope slide ~ough wbioh tho p:rto• 

gresa ot attack oould be observed. The encloau:re was r,aade air­

tight ~Y coating the top and botto.m ault'faoes of th& p'last1o 

ring ld.th tnp grease, in order to keep out the au.st and prevent 

evapo:ra.t1on t~or.n the drops.. 'rbE:t plastic ring and the glass 

oovoir wero removed from time to.time in order tha.t the pPOoess 

of the corrosivo aotl1on might be closely obse~ an.cl a rQoord 

m$.de on a photograph. The onrttera was ti ttsd wt th a epeoial 

lens of 1.5 inch tooa.1. length tor a clos~up p1oture. The 

tc;,ot may be applied w1th a nunibe.:r of corrosive .solutions nt 
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ths sa.m" t.j .. mo, but. eo.oh drop rnuat thou· 'bo oov~rad aop~atGiy. 

The pa.ttern o.t the corrosiva prooessQe re>vaal~ct 

in the drop tests, w1thout.exeopt1on, closEtly followed ·the 

apparent mechanism of the attack in the oondene.1ns. vapour tG1ats. 

When no corrosion took place d.ur:ing a drop test 6 U(:}tia11y ~oeom• 

pe.nio:i by the epreo.d.1ng ot the ·drop, there \fas· oomp1ste pE10-

toet1on in th~ vv.pour oor.roaion testo; whsn di"Ofl·c·e11 tl.tt,ack 

was ·exporionoed 1.n the condensation experiments, so also·ild 

the drop tests ·reveal a.n·attaok of an eleotrolytic natu~a 

td.thin the drop: and when the attack ttaa di:rect and unifom 

for conditions of condensing V'a.pour, tha d!'lop test showed that 

the solution l'k'ld a tendGney to spread ovar the meta:1. surface 

to fonn a. film.8 wb1eh attaok(!)d the ms.teriie.1 direct1y., HencG 

the drop tast is a.· simple pre1irn1nary ta.st that provides tho 

information whether corrosion 1s. a probability or .not 1n ~on• · 

d.ensine; vapours., rurther 11 the actual condensat1.on attack ta.kes 

place under oontll tions of eon.etnntly oh~ins;1ng liquid · co~:~t>ostv0, 

which makes the following of the progress and process of attaok 

very d1ff1oult and ~.nadequate. Thf3 drop te.11t piarmtts a oloae 

study of the t1hol·e process. and enables a pema.n,ent record. of" 

each step to be made by mGana of photographs .• 

In the toll<:ntb1e; pagee a numbe:r of drop te.ats 

will be d.osc:ribed.; and th$or1es tor the mechanisms ot th$. 

raactions cono.erned., will be submitted. Wb~n or cenae(lu.enoo · 
,, 

and. where possiblai; photoe;r.aph1e evia.enoe of' the pt"ogr-Gsa ot 

attack will aocomPMY the text. 

A tul1 d$sor1ptlon 1s gi van on page Jl.S ot a d.rop 

t<:;st on distilled \ftiter carriec:\ out by Ut1R.mvans. Howova:r, . 
' . 

only th~ final statce of the driop-..oell 1s deserib~d. and a.n 
. . ' 

n.coount or tha progr<lJss ot attack 111111 be g1v:&n here,"' 
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DISTILLED ATER DROP TEST 

Plate 28 . 

a . Start of Test . b. After 2 hours . 

c. After 8 hours . d. After 24 hours . 
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Plate 28& ,shows the drop at tbe :start of:the 

test• AftGI' about an hour,· a th1n llne of col"'roa1on product 

could be oeJan in a r1ns jt1at · ineid.e the . edge -of the drop in 
. . 

contact w1 th the mcta.1. BGttiGen tb.ia ring and the. outtir ease 
was a narrow ~d of unattsoked m.eta.1 all round the !l1ng, on 

the inside of the ring, no OOrros1on product wae V1G1bl& 9 . but 

after two hours (Plate 28b), this area was ooverod 'by a vt!Jrf/ 

thin· almost tra.nspai'ent ls.y~r of a yellotd.sh ... gree.n product. 

By tho end ot eight hours (Plate 280):1 the con.t::ral oorroeiori 

product was quite pronounced and had changoo to an orsng$•br>ottn · 

colour. The ring· of corrosion produot had a.lso developed., and. 

had become a low !!\wall u Juat 1na1de ·the edge of tb& drop.. 'rho 

outer c1.:role of metal was still uns.tto.cketl. At twanty•four 

hout'la, tho corrosion product ha.a increased ln bulk, ,a.fid a· vsr~r 

alight skin bad. torm.ed ove:o th& surface of tha drop. 

'l'he development ot the eorrrosive e.ttaott confirms 

thG theory Qxprossed by &.."Vans., The thin. l.ine of' cor:ros~.on 

product 1s tor.med after ·~he tormat1on of the two eloctrolytio 

araa.s by the d!ttualon o.t oxygen to the oathode.. Where the 

cathodic nrea joins the s.nodio oentl'e, f'3rrio eyei.roxtdo is p 

precd.pit,a.ted. in n r1ne;.. Ls.tat>,· d.1ftue1on or oxygen trom the 

uppel'I surfe.oes o.f tbe drop, preo1p1tates,. f1rst,, the e;:retmy' 

hydroxide 1nte:rmecU.ate. between ferric and ferrous hydroxides, 

and ·finally, the b~own f'er.r1o hydroxide !. ts~lf $ over the ano4s 

area. in the centre or the drop. 'thi& pree1p1tiate ass1ste tn· 

provent1ng the aocess or· oxygc;m to· the a.no4e area~ 

The .nature of' the oorros1on that.was sho\fft 1n the 

drop tost agreed with the findings in the experiments on oon­

densatlon oorrocd.on by water vapou.r, in which pitting took ple.co 

due. to drop-cells., Tho dr*OP ot distilled water in the drop test 

sho~. no tend.Qney to spread.1. and eondE)nsation was C1d.m11&.rly 

dropwise,~ 



A drop . taat ·Carried . ou.t on a d.tluts solution .. of 

.ammonium hydro)tlde showGd tbl!.t there wns complet:e .pl"oteotion' .. '. 

cf tha aurf'ace u.nCi&r the drop, ana thEi metal was at111. bright 

after twenty•tour hours egposul'fh This result was oxpected.. 

in View Of thG fQOt that thG oxides ot iron are inaolublG in 
ammonium hydroxide. eolut1on, and .. eonaequsntly. t~e metal· aut>fao& 

remains pas.eivo and. protected by an oxide film. The arop held .. · 

toseth0r, but· no d!tfarGnt1al aera.115,on C$ll. oould bs tonn,ed. 

due to the total pass1·v1t;v ot the surta.ce. ThG O()ndl9naat1on .· 
.. 

A drep test wa.s oa1"rlea out using a .·5'.( solutt·on 

ot ammonium th!ooysmate. The oristne.l aim~of' .thie ·t.0et was to 

d1aoovor the naturo of. the con4enae.t1on attook, .'but. 1t ·wa.s soon·. 

seen that the two mechan1sms \tet•a quite dlfterent. subseq~entl1 

a drop o.r a.otunl cond.onsa.te tma used in a toat to Cl.oterm1ne tbo 

correct process ot thiocyanate vapour corrosion. Thia Q~er• 

ience demonstrates the importance of u,sing teat 11q:utd.s that 

are reprGsentat1ve ot th.s actual aor:rodins .media found in . 

A d1fferon .. ·ce in.·.· concentration or d1esolved subs·tanoe . . 

F.o11ow1ng tho usual proced.u.re11 s. drop of solution 

va.s placed on thG prepared $UJ?f.ao0 of the steel spooimen 

(J?la.te ·29a.)., Aftttr an hour, a re!dish•brown tra.riaparont t11m .· 

was noticed round theGdge of the d~<>P 1n. contact with the moto.l 

(Pl.ate 29b). · '1'h1s t11m slowly mounted upi1ard.s until t t bat\· 

totally covered the whole outer surf'a.oe ot ~he drop of ammonium 

th1ocya.nate at one and a half hotu-.a after appliea..tlon. By tho 

end. or a two bour period •. the t¥op. ,of. the membrane ha.d begWi 
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Plate 29 . 

a . Start of Test . b. After 1 hour . 

c . After 2 hours . d . After 3 hours . 

e . After 6 hours . f . After 24 hours . 



.. 
to be transparent, and tho surface ot the metal under. the drop · 

could be seen to b~ unattaokGd and still bright. The memb~an~ 

gx-ew ·thicker and the W1"1nkto on tho top mors pronounced. At 

six hours the drop darkonod coneidorably: Md thsmetel was no 

:t.~onser v1 si ble throush thG orust. .After f'1tteon hours, the 

w:ri·nkled membrane had .begun to· spl.1t up on the top., As it . v 
ap11t 1 rurther film wa.s tormed ·over the newly eJtposH~Ci surtaoe •. 

Aft·Gt' titanty•f'our !'lours eX{.>osure, tha d,-.op was 

examined. Tho membrane 1tas "bl'Okt)n into gl&ssy fialtss, and.; t'.he 

drop underneath examined~ The 11qu1d was colourless, but the 

metal we.a covered by a black d~poait, a.nd, it ts oons1dered 

that ·t,h1s black deposit started to oe to~med. at the darkening 

that wse observed after six houro~ 

The a.ttaok .is d.1Vided int,o two stages: the first 

·stage involves the formation of a skin over tbs surf.ace of the. 

dt'op; the second stage 1s the forma.t1on of a black· d.eposit on 

tho metal eu:rtacQ belo11 the tlrop. 

Stage l t~es place when ferro.us ions pas~ into 

. solution in· the a.mmo~um salt solution. These lone a:r:o not 

proc1pi.te.ted, as ferrous hy(lroxid& is .soluble in solutions o:r 

a.mmonium salts, but they migrate to the surface of the drop.~ 

. and. comE> in .contact with ~n abu114anoe of oxygen at. tho. surface. 

Here they are ox1d1sod., and ferric h,ydro~1de 1s pree1p.i.te.ted 

1n the tom of' a glassy film; first round ths easea and thon 
upwards over tho drop am tha ions rise from the metal surface. 

Whan the membra.ne covers the whole 11quid su..rfe.ce, oxygen is 

cut .of:f from d1ff'ua1on. in·~o the drop and all t~a.ces a,rs soon 

used u.p. sts5e 2 o.f the oorrosion then takes place• 

In the absence.of ·OxygQn, the thiocyanate 1s 

reduced by atomic iron s.t the surface of ,contact between t.hc · 



. . . 

metal snd tho aolutio.n. ·A b1nck.p~oc1p1tato of.forrous:sul• 

ph14e 1o tormeti,. which coats ·the .metal aurfa.c.e, · ThG . oorrosi.on. 

proceeds in this mannGr until all, th~ tb1ooyannte. has· rea:ot.ed., 

In effect: 

The nature or th.a corrosive attack 1n·tbe drop 
' . 

test with· condensate from the .analysis lin0· of the ·Cond.ensat.1on 

co!'.roston e.ppa.ratus,: waa .&ntirely d.if'tsr.ent trom thQ toot·. 

4sec~ibod abovt.h This time the moo't'l.an.1sm was apparently 1et.\'3n• 

· tioal to the process which os.u~ad the atta.c~ in th~ cond(!)ntta• 

t1o.n teat·e, s1noe the coRotd.on prod:uote wa.r.e the same· in :both 

A larsEl drop ot cort~oneate was plao.ed on tbs 

surface or the ateel, and the prost:esa of attack was·:to11owsd 

1n the ueual manner. ~rhG drop showed no t•end.ency · to spt'ead . 

and. coirered the same area throue-)lout t.he e:s:periment, ,After e,n 

hour., a. ring or corrord.on produot lm.d bGen deposited .1uat in• 

side the outer edge of thc;i d.rop (Plat$ :son.) 11 leaving an un• 

a.t.te.cken area between 1 t and ths lin& of eontaot bet11een tho. · 

metal. and th.a edge. At r1rstj the area encloaed witl'd.n tho -

ring· or corrosion product wa.s clear, but atto:r e 'While e thin 
' 

yollowisb ... green go1at1nous pro'duat · appee.:red. over the suiiraos. 

The colour 4a.rlt~od. as it gttett thicker, tmd at six hours, tho~ 

.· corrosion product; covering the :inner. nr.ee. we.a oran.ge•br(Yttn ln 

colour (Plato 30b)~ there was no, further change .in the na.turo 

of, tba corrosion products; and after ·twenty~rour hour.So (Pla.t~t 

3oc}, the on1y t1:ttf'eranee wa·s that the bulk ·had ineree.sad .. 

Undel."11eatl1. thG pr-o4uct~1 th~. motel had a g~y .et.a.in (Ple.te 300) 

wb1oh showed a. ring bolo'tr the pa1.,,t· a.bove wh2.oh the tirst 

corrosion product tormoa., 
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DROP TEST 
with 

AMMO IUM THIOCYANATE CONDE SATE. 

Plate 30. 

a . After 1 hour . b . After 6 hours . 

c. After 24 hours . d . Corrosion Product . 
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Tb.e follovlng meobanlD of oorroelon bJ ooDl ... .a 
drop• ot ammonium t-h1001anate vapours on a at.••1 surtaoe, 1• 

the pattern of all oaaea ot att.aok by 41tterent,1a1 aera•lon · 

dro1>-o•ll•• P'igun 15 ahowa the 41not.1ou ot now ot the 

anlona, the oat.ion• an4 the electron• v1th1n the 4l'oP-Oe11 

•11t.em. 

Flow of eleot.l'Ona 

' 

DlreoUon of 
ll0'"9eA' of 
ulone 

r&sun 15. noy Pt»tn tor llM\rPJUI• Qltiou 

•nO ApiOQI• 

Arter a drop ot oon4enaat.e has toned on the 

aurtao• ot the at.eel, and when oxygen 1• present., the OJQ'f381\ 

d1ttuaes into the 11qu14 and torme an Olf1gen eleot.!'04• Juat. 

within the dl'OJ>,• Tb1a area beoomea the oathode 1n the 41tt_... 

ent.1al aerat.1on oell, while t.he inner portion ie the araoae. 
Aoool'ding to o.D.Bengough, u.n.Evana, T.P.Hoar, and r.vorawell 
(73), the oxygen is nrat absorbed into the iron, u4 t.ha 

reaota w1 th a hJdroge 1on to yleld a b14roX11 1on, vhloh, 

together with another hydroxyl ion ti-om the 1on1aat1on of 

water, g1-vee two hydroxyl ions. 

H•OH ·-I 0 + 2e ~IOH' 

In thia way, oxygen aota •• a 4epola1aer in the oat.ho41o 

reaotlon an4 prnenta th• tormat1on ot !vdrogen at. th• aore 

noble electrode. 

At th• 1nt.er1or ot t.h• drop, to wh1oh oxygen hU 

' " 

little aooesa, an exchange ot eleotrone takes plaoe be\veen 

hJdrogen 1ona and atoma ot iron. The iron paaaea ln\o IQlutJ.oa 



and. tho hydrogen iono e.rG disooorgod, 

F<:f. + 2H• --- 1f.e• • -t- 2B 

ThG hydrogen a.tome that a.re produced.,, may tollOtf either of t\10 

courses:- (l) th~y ma.y unite to torm by<'irogon gas, or. (2) they 

may 'be occluded on the surraoe ot' f4ha metal. . :Cn the le.tor cas$, 

which probably takes pl.a.co, a :hydrogen electrode is formed. t1hQn 

tho atomic hydrogen 41f.tusos into the' meta1. .R.T~<EftingGr, 

M.t.Re.nqutst. A.b'achter and J .• Q.w1lson (74) have sta.tG6. that 0i 

high oonco~tration·ot atomic hydrogen ex1sts on ·the oorrodlng 

surface. and that from this aurflM'Js it may diffUse 1nto. th~ 

steel. For hydrogen to diftuse · in.to the mota.lt (1) thorG muot 

'be a high concentration of atom1o hydrogen on.the su.i-tsce 11 and 

th1o norma113' occurs boeause of the continued scti·v1ty of th(!) · 

oorros1on cell, and (2) ths assoo1a.tion of a.tome to molecules 

must no·t occur at the metal surface which must o.otivsly Pflt'IMOt~ 

·the aoceptanoo of hydrog0n atoma. 

Ditferent1a1 aeration thSr$foro results in et1 

oxygen (!}leotrode • hydrogen $lectroda system with a pot.ont!al. 

d.tf'ferenoe d.epend.1n5 upon th$ tempera.tu.re and thG' partial pr~ss• 

ure or ox,,vgon tor enoh condensed solution. 

At t.ho anode area. within the drop., 1t>on passes 

into solution a.c ,ferrous ions. In d1st11le4 wa.tGr ths fGr:r.ous · 

ions are present aa·byaroxide 1n solut1on,.bUt in tho ca$e ot 

a d.1seol vod. electrolyte tfhioh .1s more highly ton1s~d, 'SUCh aei 
ammonium thiooynnate, they exist .in solution as an ionised salt 

.e.g. fel".trouo tb1ooyooa.to. '?b.o oompl0ts snode rss.~tlon may bt!> 

rsp:resonted by- the followir.a aqua.t!on1• 

Fe + ·as• + 2ou• · -t- ·~NH] + 20Ns' 

-""",.__ Fe·' t- 2CNs• + 2Nil; .J- 20R• + 2H. 

At t~e junction ot tbe a.nodic und cathod·io ·solutions., thG 

alkaline oathod.lc solution causes tb& d$pc1td. ti on of iron by 

roaotins w1 th ferrous thiocyanate to·· 11014 f'e~rous ·hydroxld.G 

which is 1mmed1at~ly ox141sed by diGsolvea oxySQn to fG~ie 



'.,'; ' 

tJrdrox1de and. pr&c1p1tntod., ·rn 11kt,;) manner, tc~rilo hyaroxldiS . 
ts p:rsoip1tated.abnve the snod.1c·area. in the centrGt Jnt~ 

prooose. · the d1ssolvfld salt ~ ammonium thiocyanate * p~omote~ . 

t:he oorroalve at.tact by inorGasins the oonduot;!vJ.ty of th$ 
cond.ensate., 

EV&ntual:t1 tb~ col'.'ros1on prO<iuot. S*'ts so tbiot 

oveP the nnod.io ,area, that · 1 t prevents the treo access of · ox,gcn . · 

an4 the oo~molvo prooaoa is .m0dlt1.ea.., A b1e.ot deposit la pro• 

duoed instead of tho 1n1 tlal brown fem~ )\yttroxtdc!f · .. This le. 

attributed. to the incomplete oX14at1on ·Of' tor:rous hydrOdde .n:nd. 

an lntemedlnto hyd.rox1de or n.nhydrous m.asnet#lte 1a · p:tt0n\1<'Jst. 

6FG(OH)a + oa _.2Fe304 + 6Ii;O . t 

A test·aolution or $mmon1um eulph1te was uaeti in . . 

a normal drop teat.. Imm.ad1e.tely the first dtiop ot s.olut1on ·was 

allowed. to fall on the surface of the steel,, the dr-op began to 

spread, and this was inoroa.sed when the . second. drop wa.a add.ed .• 

. It was not long beto~o the metal surta.oe b~neath tbG ~P took 

on & ~eyish sta1n, which eoon developed 1nto a black dGpos1t ·. 

of oorroaion product (Plat0 33.b) • The. st1r;erna~nt d~p ll!'sma1nai 

oloa.r and co1ourlGss: for a oons1ders'ble time: but after throe 

hcu.rs9 a thin film could bG soen forming over the surtace. + 

This t1lm grew in thickn&ss until it h1d thG surt'aoe llenea.th 

thei dt"Op from sight. By tho end ot a swe.n houx~ pGri od, the 

top at the membrane had. tonno4 a l.Q.rgo wr1nklG ,(Plato Jld), .• · 

n·o ·dt?C1ded change ttns appo.ront aftelt" this. The membrane was 

brolcen up .1nto brown trianspa.rsnt .flaJ.tGs, and the solut.ton below 

1 t was .still clear, though the black depoid. t b.a.d. grown in 'bulk~ 

1:riollotd.ng 18 th(.? sue;see·ted. m,eoh.aniJ:.im. of' o.ttaok. ·.' 

Duo to the .rapid spraad.ing of.tho drop over tha metal surtaoo. 

and to th.o v.15our otatto.ok, no corroe1011 oell ts formed and 

eoz.ros1vo action is 41reot. Iron passes into eolutiono.a 
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DROP TEST 
with 

AMMO IUM SULPHITE SOLUTION. 

Plate 31 . 

a . Start of Test . b . After 1 hour . 

c . After 3 hours . d . After 7 hours . 



ter;r-ous su.lph! te by zta~otion wt th sulphurous ac1cl .. 

Fe -r 2a• + 5'03' ___,._ 'P¢!'~' • + so·,• • + . H . 
. ' 2 

The te~ou~ aulphl te 1.s then radtfood to te·rrous sulphide by. 

atomie: :tron. close t!o the rnete1 su.rfMe:i and. is pree1.p1ta.too as 

a.bl&olt deposit. 

·'Ft) t- Feso
3 

+ 3H
2
o ~ FtJS + 3F~(OH)2 

The reduction of e. aul.phi te to a sul.ph1de is a.n une~~cted 

!t'eaoti<>n,, since sulphurous a.eta a.na su1ph1t·ee are themeel:\ree 

reduoins agentf.h H.owever atom:i.o 1rion 1s EiiVen more powerstul, 

and eoncrequsntly 1.s rga.pablo of perrorm:tne; the :reduotion. tht> 

poas1b1l:tty of tbe .roa.eti.on w,s 'b$en d~onstt-at~ e1s·ewh~re (6:;~. 

F$rrous hydroxide S,s: so:tuble !n the drop ot aol.;; 

ut1onl) and produces mt'>re fattrous sulphite. 'th.is 1s :reduced. in 

lllte ma.nnGr;, and the proGese eont!.nues unt~.l ll.11 the eulph1 te 

has been convorted to oulph1de, a.fter whS.oh- f'erl!lous byd,ro)tid.o 

migrates to the aur-te.ee ,of the 11qtdd. Mere 1.t ls oxidised · 

and. y1t31ds the brown transpa:rent skin of fer.'.t'io h;vdrold.de .• 

Dl'OP teats showed thDlt th.& process or attQ.olt was 

<11.fforsnt for dif'f'Grent eondens$·t.es, that wer-s oolleotod: duMng 

corrosion t~st rune. For ¢ondonante ~1th a lower -sulphu~ 

d.1ox1de content• tt~ oorrot:Jion wam clue-,gisll and tbe end pN• 

du:ota of 001~roo1on w~1')t11 ~lightly· dlff'ere11t to those app~ns 

in thG d.rop teat with a solu.t1cm of' h1ghe:r aulph1.te eoncen• 

tratlon~ In t'he b.t·tiet> oia.s~. attack 'tfa.e very rapid. 

1rbe oondonsa.to used in th$ test came from vapour 

w1t.h nonst.ttuant '\ta.pour premsuras. s\.l'l.phur dioxide • 0.59 mm.He;. 

ammonia - O.t 14 mm. Hs• , a.nd wa.ter • 282 mm. Ug. • \1htch yielded a 

condensate con1~ain1ne; o. 8~ sulpbu:r ttiodde by·· weisht• The 

a.rop of' condGnsata on tho fl.at etEtel eurt.n.c.e showed no tendt?>no:v 
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DROP TEST 
with 

LO SULPHITE CONDENSATE . 

Plate 32. 

a . Start of Test . b . After 1 hour. 

c . After 2 hours . d . fter 5 hours . 

e . After 7 hours . f . After 24 hours . 



to spread ovar the .. surface onco 1 t hrui J:Jettled on the metal• -

11ttor an hou~ (Plate 32bl, a black deposit· t-t&G seen at. the 

edge ,of cor1te.ot of tho ,solution and the metal• 'Thia 4epoalt 

gt'adually .spread lnwnMe unt!.l there vs.a a thin. deposit over 

the \thol~ metal surfs.co under tbe drop (Plate 32oJ. At f!'V'C 

hours exposure (P1a.to )2d.); the black deposit bad become brown, 

at the edgG of cont-a~t, and thlo also sprsad.1nwa~t1s untt.l.the 

black depos! t wo.s completoly hidden by tho brown overla.y~r,, 

.At the same time (Plate 32s),. a very thin oolourlosa film 

formed a.t the surtaoe ~f' th~ drop, whlah d.eve:toped,, as previou~ 

membranes had done, unt11 _after twenty•foitr hours 1 t '\fas ver>y 

wt'inkled on the top (Plate 32t). 

The meobe.b1sm- ot the above at,ta<dt 1s be11·&ved to 

be as followih Tho depos1 tion of' ferrous sulphide from the 
. -

condensate oontain1ng sulphite (or~ eulphu~ d1o:t:Uto) in solution 

f'ollowe the procuiss tht.tt has been d&a.1t ·wit!~ batore. However, 

the~e iG onl.y B 11m1ted runount Of sulph.l1r· d.ioxtde in this con ..... 

de.naa.te1 o.na. oonsequcmt1)'.' it is used up very aoon .1n tho reaet• 

1on. lfilen this Gtage bas boon Ch')mrJl~tGd, a new pro<:H~sa begins. 

The solutio1'1 is now totally a.mmor1!acal; and henoe thera 1ta a 

tGndeney to tot'm a. th1t1 hydroxide or o::d.de film -ovet> the motal 

surfa.oe. TtJ.s ftlm formation ls prevented by the preasrnce ot 

sulphide, and. the f0rrous hydrcudde in the solution (t.onned 

dur1ns the reduction of aulpl11te to 13ul.ph1d<a), 1s oxid1sod by 

<U.osol ved oxygon and pro.o.ip1 tat.$d s.bove tha sulphide... Xt ts 

also prec1pi.te.ted ns ferric hydro!it1de in a f1J.m over the sur­

face of the drop. thus rnis.lng s 'barrier to the solution of 

oxygsn and 'br1115b1g corrosion to a stand.still. 

The condensate UGsd in tbis test cama fttom vapour 

t11th the oompoe:ltioru sulphur d1ox1de • '/l.70 'mm,Hs.-, ammonia. ~ 

0.21 mm.as., and. 'mter .... aao mm.Hg.. This aa.ve a eonclonso.to 
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DROP TEST 
with 

HIGH SULPHITE CO DE SATE 

Plate 33. 

a . Start of Test . b. After 20 seconds . 

c . After 30 seconds . d . After 2 minutes . 

e . After 12 minutes . f . After 30 minutes . 



. .' 

so1ut1on, the condensate attaoka the meta.1 veey :readily. Atta.ck 

took place vigorously in .a. matt~r of seconds when n CJ,rop ·was 

allowed to te.11 on the prepared steel .ourtaiee. The d.l"OP spread 

ra.p.14l;v,. and even the fl:r-st photograph r{Plat~ 33a.) does not 

show tho original area.. it 1e posed ble to see the ott1s1nal 
. . 

a1:3G of' the drop in Plato :53b, which was ·taken after twenty 

seconds. It· a.ppaara as a light ring within the drop• a.na th$ 

photograph also shows the f1%'st.4titrkentns or the aurfaoe d.Ue 

to cot'rooion. .Afto~ thirty- s~conds (Plats 330) , thE> .majority 

ot the surface und.e:r the drop was covered by e. deposit, but tho 

oristnal area could. ba still.distinguished.. :ay two minutes th0 

surface was oompletaly black (Plate 3:;4). .At a test exposur~ 

of twelve minutes (Plate '.53e)., th~ usual membrane was seon to 

have formed round the oases of the drop, and at"t&t" tb1.:rty 

minutes it had r:tsen over tbQ drop surface (Plate 33t) .• 

The corrosion follows the tatiiil.iar pa.ttern tor 

sulph1 te a.tta.ok thO.t has been desc:r1 bed on pas0 121, Tho eor­

rios:ion Ot'H:Jutos over a larger a1'.'ea than the or'~s.tna.1 area. of the 

drop,. because the 6.issoiveci gaaes lower th$ su:rf'ace tenaion of . 
the 11quid, and hence the s.1igle of oonta,et wh1oh oausea th.Q 

drop to spread (75)• 

A S~ solution of ammon1t.tm nitrate was uss4 in a 

normal drop test. No tendency to· spread was shown. and the 

drop covered the so.me area tlUtettghout the t-est. Attack t,oolt 

plaoe d1reotly tind there was no sign of an eloot:rolytlo coll • 

. After ten minutes, the fl:ret. sign& of corrosive a.ttaok appesred.& 

a b:rownish col.cured d.epos1 t tta.a formed at the edge of contact. 

between the solution and the steQl. The deposit began to 

spread 1nwarda. At tb.1.:rty minutes; 1 t was seen t.b.n.t the rornu.in• 

der · ot the aurfnee unlier. the d.rop was coe.te4 with a grasn 
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A 

Plate 34. 

a . Start of Test . b . After 30 minutes . 

c . After 8 hours. d . After 24 hours . 



gelatinous p:rottuot (Plnt·e )tlb), which dnrlmne4 1n colour ·until 

it had changed to a u.n1to~m brown in lees. than eight hou~s 

(Plate ;40). After twenty-tour hours tP1ate 344.), a. sld.n. bad 
' ' ·, ' 

formed over the ouri'ace, and an eXAtninn~ton or the corroai·on 

produo.t revaa.led that the:r.e was a: bla<Jk coating on the mstai 

beneath th• lo.yer of brown, 

The a.ttacls: is believ-ed to tnke place 1n the fo1~ 

lowing manner. The th1n. oxide t:tlm_, that is 'associated with . 
~hs protsative Botion ot ammonium hydrox1do1 is soluble 1n 

. . 

~onltltn nitrate on account.ot the hydrolysis· at the aalt which 

r·esu1ts .ln an acidic aol.ut1on. I.ro11 then pa.sees into solution 
• 

lla ·f'e!"rous ions tf'h1le hydrog<&n 1ona a.~o Mseha.rgoa.. 

FG t- 2u· __,_ l!'e·. +- 2H . . . .. 

Th9 hydrog(~n .atoms e1thet"' aasociats to fovm lJ,1<irogon moleculas 

Ol:' &seolv·o 1n the mottil.. ThG to)"t"oua ions are .. pre.oont in 

, .solution as f~rroulj hyd.t=ox1da; whioh is o"icU.$ed. by d.lttusing 

oxygen and pree1p1tatod. 1n:1 tis.11y QS a gr~$n intermed!ate 

hydro:k!de, which ts finally aonvorted to brow ferric · h.VdJ\orldG 

When ouff1o1er1t oY.ygen is available. .Whan. the tleposi t becomes · 

thtok enough to '11m,.t the supply of oxygen, anhydr<>us magnet.1 ta 

.le produo$d in contact with t11e meta.l. Membrane toma.tton 
• r ' • 

takes place onoe a.gain at tho attse. u.tt~r which it travels up 

over t.he c!rop as m1ES?"a.t1ng f'erroi..ts lonG peinetrate to thti m1r .. 

:race and aro pl"$01p1to.ted, u:ntil the wh<>l.G> 1e onclosed. 

Oon.donast1on co~-osion tests tor ammonitnn nitrate · 
' . 

gave low values tor- corrosion (page 101)~ whareae onG 42."0P teat 

.. ,iin.41oa.ted that rapid corrosion m1ght ·be expected. by drop-cell · 

attack. 1\ second drop te!Jt wa ca.r:r1G4 out which co:nf1n.ned tbs 

.. 

to \he .smal1 .nunib<ar ot poirrt;s of at isok• and not because of a 
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DROP TEST 
wit.h 

ITRAT~ CONDENSATE 

Plate 35. 

a . Start of Test . b . After 1 hour . 

c . After 3 hours . d . After 7 hours . 

e . After 24 hours . 
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low .rnte ot attack in tho drop-•ell~ Tho p:rogrese ~t.'.tbe .cor• -
,'., 

r0s1'1e attack 1n the i'3lectrolyt1o·eG11 was as follows .. 

A brown rinG bGC:Ul.m~ V1s1bl$ w1tb1n ~)\f!rdrop of 
' . . 

oondonsa.te after 1 t had. been resting on th~ at,eel tor about : 
. , 

half an hour •. .- The ring was qu1tEi tlet1ntte after an hour (Platp 
' ' ' ' ' 

35b) • Md was ol tuated jua.t. 1no14e tho edss of oon:tact, bGitwf:ilGn · 

thE> metal ana the solution. A taint sreontah. gel could be_ee'1n 
. . . 

v1th1n thoc1ztelG of brown oorrosion deposit. The rt1ns of cor-

rosion p:roduot · arett 1_n bulk, and more green product. was a.leo 

tortnoo on the 1ns1do (Pla.to S5o) (> h"Venf,ue.1ly (Pinte 354)" ~ha , . . 
green product became yellow•orango and f1nal1y -. change« to brown. 

. . 

(Pl.ate 35s). At the·Gnd of twooty•toutt hours ~xposure, the 

. oorrooion product ha.Cl 1noroaaod conslderably 1n 'bulk·, and the 

drop spread sl1{3ht1Ye tfbich onl11ncraaoed th& area tbat·wQS 

unattaeked. · 

The mecbo.nism or attack 1s---e1m11n.r t-o those ot 

other drop-·colla and tolletfs thG pattern dssoribta -on pt\ges 

.119 to 121 for o.mmon1um thiocyanate. 

A·51i eoluts.on of' ammonium chloride was ue~ in!\ 

drop test. .-pe.rrt from e. stain of grayish co101H' on the aurtaoa 

ot tho mat al, tho only slen of corros1 vo action was that a, nur• . 

race membrane was tormoa. · · This membrane ·started after about· an · 

h.®X't and progressed in the u.sual mtumer unt11 · th() whole sur­

fQ.CQ ws coverod. After 'that. 1.t._grow in th1olmess and devel• 

oped e. wr:tnklo on tho top .• ·The moohnniam ot D.ttaclt ls st.m11a1t 

to that en~ounts:red w1 th ammonium n1 trnte sol.ut1orh · 

A distillate trom thEV :solution of' e.mmon1wn 
.. .. 

-· chloride was obta.1ned 111 . bu.t . sines 1t gave no 1ndlee.t1on o~ 

rumnonlum ion or of oblo:rids,. it is c1ear t.he.\ corrosion by vap .. _ 

·eufls from eo1ut1ona of' ammonium chloride should follow_ tho 
',· 
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DROP TEST 
with 

AMMO · IUM CHLORIDE SOLUTION 

Plate 36 . 

a . Start of Test . b. Aft er li hours . 

c . After 6 hours . d . After 24 hours . 



wter vapour eurve. Ho.noo no spoeia.l oontienont1on corrosion 

to.sts t4'ortt do.ne. 

Thou(Sh co.rl:1on dioxide and ammonia a:ro both present 

in vapOtU"' t:rom solutions of amrnon:hm on:rbonato and bionrbonate) • 
. 

tho amnonla ls so clomina.nt ~om tba eor~oalon standpoint, that 

1t attords eompleto.protoct1on when the vapou:rs·aro condensed 

on stool surfo.oos,. . colutions ot tho carbonate8 nl"o a.1so non• 

co?'roa1 vo on aooount of tho high pH. 



A d1scuas1on of the results nnd the conclus1onn 

dr:awn from them with rosa.rd. ·to co:ri-c>o1on by condons1ng vapours 

is conaldoroo in this EH3Ct1on. 

· Th0 corrosion of metal by condensing va.pouro onn 

bo dlvld&t'i into t'ta oloE:H3G~ of attMk a<u1ordint; to the ·wo.y in 

which ·cond&nsat;ton to.k6'.s place on the motal surtac.u~, It do0s 

not appear thtt.t the otnte of ths metal surface has much eftoct 

on theJ type of cond.ansation that takes place when tho v11pour 

cond.1 tions n~ ouch .. that the ro.to · of oonetanest1on 1s ve1-.y sma.11, 

Thie only a.ppl1os !t tho mets.1 surte,oe ia ·tree .from o~ntam1nants 

that ma.1 ohange the nature of thG> condensn.tion. Under nomnl. 

oonditi-ons then, condonsntion 10 a.~opwieG; small droplets con• 
. ' t . 

dOJiso as n mi.stiness on the oold .surface ot the mstGl, '1f1d it 

·G.t.W' o~ ls brought n:boUt,; it mu.st l,o t:tu~ ta 8. special eon• 

stitu.Gnt of ths vapours. 

. ' . 

condensoo. on the surto.cs ot tha test specimens ln th$ form ot 

littlo dt"Ope• 4ntl the corroaion occurred. 1n tho fo!'m ot small 

pits which w~lr~ covered by a. layer of corrosion product. This 

ls tbs first type of nttnck wMeh ,fi'lw&ya was aanocinted with 

dropwise:; eondonaat1on. Drop1d.e& cond.ons&.tion reaults in tli0 

tort:rmtion ot drop;.oell~, in which the drop of 11t:tu1d form.~ a 

separate eleo'fjrolytic cell wl'd.eh :lo p:roduced on a.ocount. ot 

d1ff'orontla.1 aeration. oon41tione. The oute.r Gdg& of' tbs m"tal 

under the drop becomes es.thoaio, s1noo o.xygen ·freely diffuses 

to this section. The mo.in fttnot1on ot t'hG oXSTaen is that or a. 
-

dspolarioar· or ·tbe cnthodio reBotion.. The metal euri'aoo 

· inoludoti 1n· this outer ring has relnt1v•ly 11 ttle ~xygsn and 



. becomes thG ~node· nro~ or tho coll. Tho tU.onol"ltod ammonium 

· snlt generally aseiate-o.t.the nnod:lo a~en by. 1ncv$astns th& 

hyd.rogen ion ooneentrntton whon bydrolya1s occurs. ·Thus the 

so1ut1011; of moto.1 · 1s promoted by a t.ro.nsfer ot t'1lsetrono trom 

the hydrogen 1ono. Tho salt al.so aocelemtell attack by in• 

cr&naing the ooilduct1Vity of the solution., Onoe tho 41seolvsd 

metal· rioo.GhQs iho oathoa.lo solution wl'tlch 1s albl1nf}, 1:t 1e 
·.. t ' . 

· preoip1tQt'Gd an hyltroxiao or hydrated oXtde. ·This proclpita.to 

eventual]$ provid.ea a. oovor1ng to tho anodic 'a.r:ea, a.na sinoG !t 
' ' 

is fonnoo some Utt1o. 4istan0e atftJ:f/ trom tho mato.1. su:rtaos. 1t 
' ' . ( ' 

may .not ~eta·ra. ths .fittao~.. wt might· GV'Gn promoto: 1.t by (!)XClUd• 

ins 41f'tus1·ne; .. 0;8l'gen. more oftscti vo1y from the nnoda ·of the 

drop-0011. on the other h:ina, 1 t roduees tho mob111.ty of' tho 

· 1ons. 

When thoro 1a ammonia. pl'$Si~nt in the vapour, it 

nntura.11.y tends · to be protecti.va to thG ·metai surtaoo by ooi.n• 
. . . ' 

ta1¢ng tho oxido f11m ov~r the surte.co. 'fhe acid consti tu~nt 
. ··- . 

is 1n oppo.s1tion by tryinB to 4iasolvo the ·oxide and br!ns thG 

mstal into solution.· WhGra the ammon1~ 1n the vs.pout-a 1s 1n 

~xoeas of tbl).aOiti constituent. it dominates the corros1ve 
' ' ' 

a.otlon. :tt mny bG hel~ovcr, tba.t the aoic1 · ettects tho br-Galttiovn 

of' the oxide film 1n cert.a.in plnct:>s by loca.11sat1 con:centJ;1s.t1ons. 

At thGG$ po1nts, e1Gctrolyt1o nttack takeo plaee td th the cur­

taeo, whieh is protect~ by the mmnoni&j stt thfb cathode, and 

the brol(en spot as the o.noa.e. Attack at those points will 

probably bs moro intense than in actuo.1 drop-c.011.0, because ot 

the much larger cathod(3 area.a oompe.rad w1 tb tho anotie spots and 

"the resultant hie,.hor ourr0nt d61ns1 ty a;t the ~ode. The p&ne­

trat.ion la Uablo to bG mu.eh groatm.'l>,. . thoush the loss .1n weight 

may be lse·s. Thia .· typ.s ot attack was assoe1ated w1 th· tho eor-

rosiol?- 'by ammonium nit.rate • 

.Nlthough dropmoo condensation produced. numorous 



droplets over the tthole mett..1 ourfaoa,. thG> corrosion genorally 

did not ta.kG p1aoe '·n tbe form of a. l~ge numbel" o,f (trop•cella., 

U¢ua1ly the drop-oslla ttore lArger and mo:N widely spaced. It 

seemo·appn;rent thsretoret that euh droplet a~d not 1n1t1ate a. 

point or attacfkt but tsba.t only n. proportion of thGm werG cap­

able of fom1ng d1ff,erent1al a.~ratton CQlls. ~his phenomenon 

has been att~ibute«'to the non•uniformlty of the a~rtnce ot the . . . 

ote01. and thnt certain spots o.ro more raact1ve or less pasG1Vo 

than othor pl#,tees. ·It may be that f,he ox16.(} tilt'!l ls not as t . 

thick or o.:s atrone; at tbose e.reas, and conoequsntly .breaks dolm 

moro easily. Anothe~ sugsestion to aooount tor th(!} phenomenon11 . . . 

is bascD. ,on the theory thc.t eryots.l sra.bu\J do no1t. Gxhiblt the 

.aam4.1 prop~rti,Gs 1n ~Wrf''dlN:Ot10tli, -."·While aom~ cryate.1. faces 

aiia passive others are eornpm.ratively more aot1:v.e. Depen6.1ng 

on which face is preo~11ted to tho co1TOs1 ve condensate, the 

drop will either :a.ttaolt thG motal ,or not. As alldi'ticntl.1 ev1• 

denoG: tor this theory, 1t ia ,noted t,hl'l.t d.t'Op•C()l1s w.ero. more 

num$~ou~ ~ elosel.y paclted tfhen ths mstal sra.in a~rootttrc was 

finer (Plnte 10). Under these con61t1ons, mor<:> activ~ eontroa 

'WOUld bo prGatntod tor· nttacit than when the · gra.lns W<llro 1N'ger . 

The type of ·Oond.ensat1on ot vn.pours on Q cold. sur- · 

face eeoms to be closely dopendent on the naturG af the vo.pours 

~hemsotves, and oonsGquentl.y on thG soluble subat::moe or sub• 

stances in tho ~o1ut1on from which the vapou:r.s orl.s1Mt$. 

Vo.pours ·thn.t·a.roso trom. 001ut1ona·of salts ot ammonia. whoso 

acid constituent tfaa ·no nonnall.y very volQt1lo or .a. gas "' room. 

tempera.turi>ea, condenaet!. on the ateol. SUrf aoe in B dropw1oe 

mrumer and oorrotlod by drop-cell attack. Those ammonium so.lt 

solutions thnt gave r1ee to vapouro wtih·an acid constituent 



t.bAt is snseoils at normnl tomporntures and pressures. O•S• 

aulphur dioxide and i\Vd.ragGn o\1lph1de1 alwa.ya l'*&sUlt·. 1.n t1lm­

type contk1nsat10.n on a colcl metal aurfa.ec. Where the ac1d . 
co:nat1tuent is fairly volat11G 0.3. n1tr1c a.cltl, a m1x«i. typo 

of cond~msat1on appoare, in 1\fhich part doposS,ta by f1.1m-type 
' . . ' ., 

con4'1neat1on and pnr-t by ttropw1se. Ammon1a. 1tae1f' has a. -,,oak 

·· tendency to promoto filmw.typG ocndensntion when 1 t, ts in appro• 

oiab1e amounts in tho vapours.; ThG e.bovo a.~nor&l observnt1ons 

only applf wh9rG the ga.scut a:re readily so).ublo 1n wntsri. 

· In the cases of f1lm•type cond&naat1on., the attao14 

1a direct nne. uniform over tho sµ~aoe ot · the steel 5.t at a.11-t. . 

Tho drop tests that ti'er& oarTiec! out on these condens~tos, 

ohowad that the solut~on spren.tl .over tho purt'"a.oe, wb1ch accounts 

tor thO fllm · tomo.t1on 1n the eondensnte. It is pJ-oba.blo., that 
' t 

.in somo oases, the fact that ,.film-type condGnsation takes pla.oo, 

1e a tootor 1~ provont1ng co~ros1on ot tho :steel by oondenstns 

vapour-a, Tho uniform f11ni over tho motal surface. preo1ud~a the . 
formation of olootrolytio 'cells by dlfferentio.1 'ru.n"at1on,. ana 

provided that ammonium l\Vdroxiao 1e 1n eutflc1ont a.mo,1nts to 

noutraliso tho tte14 e..ml mo.1nta1n thG sitr-fnee ox!dtl film. no 

corrosion will ooouri~ If' the a.e1d is not nehtralta~d or if 

the acid oonstttuE)nt has the power to break down tho oxtclo film, 

attack will tnks plnae. 

For this·t-encon no corrosion was fCUl'ld 1n thG 

cs.so of tho .su1ph14oa 11 s1nce thero wns .sufficient ammonia 

· evolved t,o overcome the ao14lty ot hydrcsan su.1p1114o. Tho 

eulpb1te attack mis a dif'f'or-ent enttar. For hare. some ·corro~ 

· o1on took plac~ oven when there wa& a oons1a.era.ble amount ot 

·ammonia.~1n oxooosi and the only sa.tisfa.otory way to reduce 

. oorros1on to sere or nee11g1bl~r· nmoun.ts was to l.ower the vapour 

preseuro to such· an ox,tent, that there were only traces ot 

·sulphur dioxide in the condensate. :sulphur dioxtae has tbs 

power to . brenk ilo'Wn the thin o:x1dG f1lm even i'rhen complet~ly 



nmitra11s&d Md in the prGsonoe of excess of nrnmon,.um hydrold.dc •. 

The greater the conoentration or sulp~ tU.oxidG, th., more 

vigorous tho atta.~k· 

it is cbVious tha.t air :muat be an eseo~tial ra.ctor 

in the coiol'Os1on by d1fterent1al aere.t1:on,. for it provides the 

oqgE'in necessaey for the . fome.tlon. ot the ori.thoa.~o ·M"eti in tho 

dl'01>-cell11i Its otfect bas beon t'lemon.atrated in tests t.u~lns 

nitrogen s.~ the vapour oo,rri~r. Wh&n ·d.rop ... cells nonnnl1;v 

dwelopei in air, the uso. of nlt.:rogen prevooted such attack 

and complote prott:Jction was oxpe2?1snced in eorros1o.n tests:, 

' lo 

It ,cannot be stt1.t04 tdtb any t1n&11ty that air-i 

dooe o,_,. d.oea not pla.y · t,.i part .in· the attaek t~her1 co~ros:L~n 

oecura under f'11m oondensntion oon41tlons. .It <lepands upon 
. . 

'the sttW.dpoint from whl.oh tho quaetion in app~a.obed. Thero 

W9.'-J no alt.srat10n 1.h the t.otal -COITOSJ.on~ when ntt:ro·gon was 

unctitl 1n_ p1aco of c.1r to:r tho t'!Ulphl to corrosion t.o.stt:.i. There 

·was. howevel!", a CbanSe 1:n thG nppenra.noo ot the corrod.~ test 

epecimon an4 in the prol.iuetaot corr.oalon.. lt was ·dM.uceCJ. tho.t 

the e.ctual 42.reet attack wa.a not inf1uence4 by o~gen., but t.M.t,. 

~hers was · n crubaequent r~action between th() oorros1on produ.cts 

and the condenan.te, whlch ll1d not tnko placu:> in tho abeo,noe 

of atf',. It .ma.y bG that- tinder certain cd;reumst,anot:uJ ~the a:ttnck 

iteeltrma.y ·l:>e affected bjr side react1ons of' tha .coft'IO£i1on 

procl.ucta. 

An examination of the moan vAlue oorros1on curves 

shOWe a veey Wide var1G>t1on 1n oorros1on rnt.0s nnd types O·f 

c~ tor the·aubstnnnes eonn1d'i>r0d. The wa.ter vapour curve is 
../ 

nearly n et~a.1ght l1ns: a.mmontum nitratG vapoum corrodG 1n 
• 
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stops; the ammonium tbiocyanato curve ebowe an asymptot1Ca.11Y 

deorsas1ns rn.te ot .nttnclq and the uimonia •. sulphur d1ox1de ' 

attack. va.r1os from zero to 0xtr.emaly high rates" The typo ot 

attack .nl$O taken-two forms. so that 1t onn b• .cQncludod that 
. . ' ·, . 

. the e.mmon1um ion .1a not th& controlling factor t~om the eorro­

s1on standpoint. 

It doe' roauof> oor~e1on in those oasos ot uni• 

. tom ·.attaok <where 1t reacts w1th ths acid mcU.cle« but tn drop. 

cells it promot.ea .oome1on by acting as a. cathotlic .&t1mulato:r. 

On the whole, tl'u9refore~ it lo the .noid anion. t,hat t1ontrolG 

the oorrosiOflt s1nCG it detemlnes tbG: ·no.ture Of the attack •, 

wheth&r by drop-cells or 'b1 d1J:-~t attack, according to thG 

conaenegtion., and the roagnltude of iho ·total. loss .in wa1ght 

by.corrosive action. 
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ljo;n(?nglatur.:il 

. A - a.rea. of hee.t traj'lator sul'lf&oe; ·sq. rt. . .. 
c • speo1f1c hoot at constant pressuro, n.t .• ut./{lb.)( 0 r). 

· D ·• .diamet.e:r,. ft." . · . · 
h • i.ndividua.1 coetf1.c1snt of hoat t~ansfGr., · 
. . . . . .. . .. . . . . . .. :a.~.,\h/(hr)(Oct•ft;)(Og)~ . . 

lt • thermal conduotlvity, B•t .• u./(hr)(sq.ttH F/ft) 
.. 1 •· :th1otmest1.lt rt.. · · 
N - length of hsat tr::.nBfer 1su~f.s.ce, ft. 
o. -· quantity ot heat 0 B • ."~.u. 
t • tempsraturo, 01.. . .. 

. u - overall ooeff1o1·ent !'f heat transfer,, 0 . . 
· . D.teUtt/(bri)(sq.ft)( F)·• 

· tm1 .. Po.qJ:iM ~~t2£ Unmf.!ttt:\•• . 
Tsm,p... of cool ins. water ... :tnlot · .... o 17 o 62°0 

' · . Outlet •. e l8.090C 
Mean H ... ~ 1'7 5 as0c ( 64+ ~f'F) 

'}lat,e of tlow .. of' uool.1n3 ttnter •• '0" ass. g.c./rn1n. 
Temperature r1.sG .... ,, ., ., "". ·~ • ~· · ", • -t. " .. 0.47 0. . · 
Total. hoot rern.ov~ in ·t-mter • • •• 11 • • 12C> oa1/m1n • 

. ' . ~ "1~0 60 a awa .. Jt.t$-om'.s •. 
. ' 252 ' 

a 28.6 B,.-t.ue/hour"' 

, Q; • u .;;~(; T.. ?: ... tompe~ntut'e. d.1ff,ereno.'c~ 
u •·-fl.... 

A~T 

·· i: · 2; 36 ;r~~~~'$tf 1~~·c;z1n . 
· • .1·21 .. ~-.:t.t.lltL.£.br.U.sati.t!l~) 

. n:1· • !(A~,.,. 6j·-4~ ·1<:i~~. it~.ip~ rtAw (76)-

Th$ wnll or tb.e t'eat pl~C$ is so thin that the diff~ra>nc:es 1n 
tho aroao aro nogl1g1.b1a.. · 

{78) 

k( collu.lo.id) • o. 1 2 (70) 

·Tbs aoefttciients of 'neat transfer for·t.he gas and oond.onsina 
. vapour t?.re oom~1nfXit . · · · 
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From eqtu1t1on (ti), · · 

gllfli!O 
vapo\11"'· 

t1 

·*,~ ·3:h - (soarr+ 14ao + (;1~5) .· · 
~ 0.255 - · (o.oooa + o.o()(f( + .<hOl63) = o.~38 · · · 

h .• .41.2 
~ti' . 

t2 

'.. ' 

h Ct1 ~ tr2:) ~· u. (t1 - ·t5> 

t1 - t.9 • J .•. ~ ·. 3...lll.& 
4.2 

• .. 101.1or. 
1~ 

? ' '. 

·· oool!nf.3 water 
.. ts, . 

. • 

. ? .. ' ! 

. ' 
.Tamp, of coolins.water.•.Inlat ..... ~ •. 20.0300 

· . · · ·OUtlet. • • • 21.31°0 · . 
. . MaMt • .. " • :. 21• Q70C ( 69t190F.) 
Ra.ta of flo1g of oooline water " .••• ~ .260 o.o,/m1n. 
T emp~returo r.1.se • ., ..... <I ....... ~ ...... ~· ~ • o • .a8t?c . · . · 
Total boat .removed~ in wnter • t •••.• ., 1'26 cal/min.. 

' = 126 l §.Q . ' " 
252 

• 30,0 B.t.u./hour, 

A s1mllQr oalculat1Qn waa mii.d.e to tha.t.ab()v~. 

ta.ca. tompsrn:t.ure ot th~ ap001rnon when ·:the· ,1nl~t t;emperatu.r.e 
~ . . . . . . 

or· ·the eooling t'/ritdr ?'1.oss by _s.a°F ( 3,2°<n ~ 
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Numb;;;r o.t Reject a.ll· values having res1dunle 
road.ines, n 3!1e~ter than.I• . 

(Probable deviation ot a. single 
reaa1ng) 

10 
20 
30 so 

10-0 
soo 

,, 

· Number ot 
.:readinga. n 

2 
3 
4 
5 
6 
7 

lO 
20 
00 

times 
LiG11> r x 

2.9 

·'·' 3.5 ;;.a 
.a.a 
4.9 

.value for 
'k 

.·>. 




