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1l ntroducti on

1. 1.Project Overview
English Heritage Trust (hereafter referred t
of oveirs“4®0Oic sites andThheirnalssoes ada edolcloé¢

and 20th cent Wriystari thiutlessy thieeces,jites i n Eng

in this collection are stored or -Wpesmpl ayed a
Tweed the I sles of Scilly. Although spread a
as a national coll ection, rather than at a r

managed by senior consemawager $ hewbotsommics $ig

conservation work across their collections.
artillery col | ectaiidrnp,ancdo bs msstsi)n g htdd rstbiereyh 2 0
artillery. Whileptamrd' t2e0ne uo me pd klclemd,teidos,epar

wi t hdei f f @ me nmad e ri indgl & f aecergoud raveptriodirh b'et8eOnt ur y

artillery is the focus of this study,

Theonsertvhaettizadntcwd y ecti on comes wlitd&andconsi der
management issues.i &l mhatagreattihenalol |l ewdli oint

cooper ataitéhne &sriacgwehsiobdlp e tdhiss palTdeyee s it es al | have
staff anwdi slktkhwlhiutlesconser vatDuwen ttoe atmhse nctuosmp |c
pl anning and carrying out a conservation tre
ofsfite treatment, close cooperation with sit:
safely anbDeeé¢fopgmemt | gf a predictable and cy
evidence of treatment performance and | ongev

of treat ment bet ween the various sites.

The preferred met hod ofhet ragpatl mecmtt i foara otf meg oa
systems to prevewitt hc ogrreoastieaam.d oInmdetevairtisyon of ¢
corrosion prearcatproaf egropeéras eshegquequi ye r
Retreatment involves the removal of failing
effected areas to prepao me tdndergflsour rnfaanccee fsoyrs tree
been stipulated by the manufacturers to be a
aggressive enviroampht s antawntt lreantathec ec o rAr evé tde r
manuf esctanrde systems have this | evel of certif
i ndiualt rstandard |1 SO 129414



Whil ecmamsyrsg ems are avail abl eemvhiircdynmeret sui t

simil ar

to

usemaader n

actica

]

p
e ai ms

mo v e d

e auth

—
® =5 @ =

qui rin

©
—

mar 'y

evitab

d® S
—

ting,
odds

QO o

at me

—
-
D

n
ar e ceids g
treat men

c

of t he

anda

n
—

aml i

n u >
- -
=

e

>
- Q o

g
ov e
ritage

v

S i

o o T

_¢
® ® > O ® @d® X @d O

S
evel

| ar

r S

-+ S «Q
®® O Q < Qo @
()

rmi n

~—+

The curr
treat me
si g fi
pi e
an

O S
o —
(7]
® 9 O S

4]
<
o

(0]

t hat at many of hé&wngar alegédgenictda I pg

ccmmd Eximale manidalhi st ori cal contexts

and et htihdeaf f eeqot rement e diiamble ob

f.

tl me at, cha sttt epe i tcganlsod u nt ch ep amrettiad n canr

and pephvade a more stable substrate

enti.tTheyappltbetobpect coatings is r

g

mechani cal processes to remove fai

met hod of removing a failed coating

Iyl

i
Wi
t

Ina

oa

r d
ni

en

e
0p
ma
uf

g
at

n
t
h

ya

lleasds t of at lkenamet al substrate. Whi
a rhiisskt oorfi claols sc otnot etxhte tohrei gi nal h
h ethical standards within conser
as been identified which could pr

coast al environment for extendec

may be an unavoidable necessity. T

miem@ssystaems treat ment as infrequer

i
n
e
Cc
0
c
e

i
f
t

sation of the coating systems ut.
g namrcd seaf fainddi emacnyage ment whi ch woul
ral purpose system, allowing for
oati Agstgondagdit sedvasteat ment appr
be able to make repairs to failu
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i nto a cyclical schedule for tr
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experi ment al heritage science conducted on s

of the needs of English Heritage devel oped t

The rcetshue tesx pcean dnecmttesd wiid |t he wutsiedlwaokc ompar
coating systeimpa otpowridiaadekremithee coati ngs best s
Heri,t acgppensi dering the needs ohi $hei i hsaitowi/
conservators managing t he caoslwteocah osny sttoe raikse
suifteerd specisf iTch e idaitaa pwialddu cheec iusieadn t Dupport
which wil |l hi ghtigpbtadeyesaecsdhaswlkedet selre&hniowd
ofsywstpanosperti eswwimhi naésanbel and ensuring | o
systBymsentgrfoopenrgti es of a coating which are
become a detriment ,c@nsersvatoiromsstoaf fi nwii Ibli tbh

a full treatment is necessary

Al t houwgihdceorh b e maiden uips of (M tt Bt-iy c)@mmrdbsPeOn t ur vy

artitlhies fjpo opresftee n2tOury artillery pieces. Th
way due to the differences i'ntetnhteuirry npaiteecreisal
constpuedemi n & mtalegjityr on, and have more compone

making them more vulnerable to preebtesitamyand
cannfchn.s has in turn | ed to them being in an
adverse effectproevdtadadas nsgtsg mBh ugehlfi ght s t he
i mportance of generating amwakewigdamde twma e stua
Ssubsequent treat ment selection is as well I n

they provide.

Evaluation of ethical considerations is a vi
Conservation treatments are designed to pres
increasing the |l ongevity and preventing as n
2023). This is commonly done ,heraruisn g gt hmay ea a
removed without damaging the object and that
Documentati on o forriegpilnaacle nceonnip conre nntosn i s al so
the aut henti(cCAdesh8maoii @8Re obj ect

The usepeorff chringhnce coatings as a treatment ¢
reversibility. These coatings are readily re

them, which wil/| al so unavoidably icraawsrer edch ma



every time that the treatment is required to
is repeatabl e but should be repeated as infr
be acceptable as it would poevehttitime m®sany
reversible coatings would not be well suited
exposed |l ocation for a | ong period of ti me.

Th @& e c idfti romma p ma n hii sc so nhes hwioiéod d e coarb gaa baes i s
angdhouhdoripogataen!| ot dleAsHEneiyt @8 Phs t hesis wil
aim to provide evi dbeceapeafme drbagidm lgtstse f o
conserva?0ooh aé&ntdalydregentidnd sornns erdaciosison maki
process intoeoluoice iiosnhtdhwdr | et i on

1. 2.Structure of t he thesi s

Based on knowledge of the institu€Chaptand2t h
of this thesis focuseas tdamuBrmdgléiysh rden iutrege fT
organi s atniaduranrdi fitlitldeg yt coéttleae it d®@lnlaencdt i on si :
di stribution, ddfow ntdiev isdswaalis Soebsjdaedodtesh d chres o w

current treatment regime to prioritise objec
of the colleathesei sodasploapgede ali ttmpraag iiamt as

described |l ater in the study.

Chap3 earndir4a her explore the threat facing the
practises withinpehfeowmarwbdficbddredsabedhto p
damage obj ects t hiTdhaigphiilmswefdiorssiton nspedbdtiyi ng th
whi ch corsodihen enmovdauro hee néntdive ach@aracteri sti
coast al 8 n vchoenttnrmebnutt e t o rapid corrosion. A 1
coatings systems are consisamrd edi fbfieal reveereand ¥ ihe g

systems and how these aid in the prevention

Chapterutl i nes the i1 ntenaledwadreks iatn a ockHoentckheep teu
the demaksingnprocess for the ssiszéaandostcopdhe
di ffer esitn vtalhre aabslseessment of coatings are ex
techniques rationalised in relation to the r

met hods and data collection Iin detai/l



The refsudltls eax pep o n@heathbseomyari ng the perform
coating systems in acceleratedThgsi ng axg¢aonu
on Chapter 8, whesoé¢ thesemplelt @&t it @feelnftti meg s

f arhe Engl i2sOit eke ruirtya cale It érddliiecou sased acfihiev eids  f
compar aiti vetsgyasttivnnygsm k ed i n compari doscussede
hol i stiitchalilnydi wi dtuearit acchtaelr @ ispgnsy der ed t o det e
theguld best be used within the collection.

Chapter 9 and 10 conclude with remarks on ap
and where the work could bewaxtténdegpptootesxpd
deci-mdkinng in selectifagntoayiagsi Fberyheobkl &

1. 3. Aims and objectives
Aim

f To g
prot

(¢
=]

erate experiment abadetdambahageweht 9

()
O

tive coat i ntghse ocna rceo acsft aBn galritsihl | Heerryi

Objectives are to:

T Identify the most appropriate criteria fo
coatings for English Heritage and identif
1T Design an experimental stwudy to investiga
properties of the sel-sicttwedr ealattiinme styedtear
based accelerated ageing studies.

T Use the resulting date to coll abor-ate wit
anchored process for the selection and ma
their coastal artillery collection.



2Engl i sh Heritage Trus
English Heritage was originally founded in 1
Englameati ng a separation between the govern
previously been under the colnngloilstofHedrhiet aMg en
further divided into English Heritage Trust,
manage the national coll ection, and Historic
of Cul ture, Medi a, and C3fSor.t Whfi [EtehgeH ialdrdiotioewdn sK
the sites, English Heritage madnagelThkeéememe and
tapering goverbBnngelnits hs tHepr & nt dangteh & e ocgpmansssydh me n t
2023t wphaict it r eachefdi nansceidadlsigy@it nit mg beEoglei
Heritage has a duty of care to the sites and

priori tdfsfienogt icwestt reat ments to the most vuln

necedsisycoll ection includes over 400rsites,
omn hceo aasntd, | ar ge ananmtbielrlsecynandecanmcon | ecti ons
| nformati on reported in this chapter detaild@
and its conservation policies is based on pe

|l an Leins, English Heritage historian
Bet han Stanl ey, English Heritage senior c

David Thickett, English Heritage conserva

1
1
1
T Naomi Luxford, English Heritage conservat
T Paul L aEmkgd sitsehrcc Hemat ageesi |l i ence | ead

T Pakhtterson, English Heritage historian
1

Tim Martin, l ndependent conservator

2. 1. Artilolldreyctc on overview

Thar t iclolldreycti on is split into two sections,
bet wee:mart¢hgenpwohn ch ar e rmosatdli ynwgmuganisee t meerewnf act
the Tudor aBldaza b¥it htaqr iaaard pneorieodnoder n pi eces
|l oading guns, made from the 1890s!'®%teonttunrey 6195
piecesnivemsakeecdPi fferences in safbstibfeate and
and' t2e0nt ur ymeastthialtl ear ydi f f er ent conseraxcaiti on a
gralum most cases, earmpl bBi shotheasbadeebgar an

rarer ftchisest fewicontext of } he.MEeElei sahr eH aroiutna

cut I 3 S



on simple, wheeled carriagwed ht hatonByae xdamtgesh bk
the bar'fteint uafy 0 ec-ep Bremofagaerbdi mil d st ece
shrunk onto one &moaotgh e r2 OulBRd eTrp pp r2ebsBseurr egun  an.
mounting oAt wndeomhrnety of steel all oys, as
metal l i c Mheeerei phset enloe v amtgjanrd, rtercaoMdr,sevhi ch i
gears, racQHKmbsesedc csppre magesitdhed | vetosel do,| tasndand
with stress pointabsl f odmwebatkt th odenltIsb Begri ncor r o
(Engel berg, 20>@pABsof @nzt flewrn esx&c|BGaiomon i ncl ud
in the alloying of steel i ncteastesr ytgumrato
greater risk in compari sdmmpd etxhaiyr iinr @lresd an
constr 2Ot eanhuo ymeattiselrimamyoe at i ons for at er

retained for.Téxtsemdsd | palrit@dsvi despread corroc
many of the objects in the collection, many

corrosion which has severely dLaontaagle d etphaiinr so ri

| efitydbfferent col ouredhawvetboanrs odrerieed owwth.

This project will only focus on the conserva
compl exi ty, ,amaorvudomrediathiidn ty. The 20th cent
proportion of the <col Ipdcatyieodn ,a na sa cfte weer roofl et h
during talitshpwegh otdhey require a | arger propo
presEhercee ar 328% ¢ otamit ypdiieecBegE nignHietghi t ag e

coll ecti o7rs,i aladc dltTdsd @adersd treess pdbpesebebkbblioy 2
Fort, EasonofhéohiamersdErsniuaras tCloe ,n wkoddll mo ut
Do

interest due to the quantity of the coll ecti

<

er Castl e, ovykentolotka mg Diotvey Haowd been id

Gen

gun

(cartridge) that is ($soaglgl y 206036 )aQoH eg@uSn3sn aar ec
chnically speakiomgadea,cbuegoheyof ebt@eeha

erdlleynwtu2 artillery pieces ad®amdommal By)
s offi qai C®RF) guns. BL guns are | oaded wit

t e
usually combined with the projectile in a si
smal |l er calibre weapensrand afefrcapabTlkepfca
categorised by their 1 ntendaed cpruarfpto sgeu,n sa s ocro
artillery. Unl i ke the BL/QF distinction, t hi



has an i mpact on the significance of the pie

they are | ocated on the sites themselves.

The English Heritage calolast t@ipoideecifeerso Id @ dkees H La ri
guns, which were adopted nasdledseen amai and uacu At
bombardment roles, and smMpolberemec@Fi hPepdungu
used to combat-bsméabk|l f hbastoubdpetoeaten vess
Many of these pieces wer ea deptedabapsetfdetrdmesn av a l
the BL 60 Mk XXIIIl was strictly a naval gun
defence, during Phet EeoM&@I3WWes mhe Wamses, eme
batteries were constructed from spare naval

Wor |l dHWwWa@g, ( 2004, Wpthl®Beir intended purpose
t he majority ofertyh etnhossreeotass ttdwoatssg.da IThposi ti oni
guesposes them to the niauiledreveixrtoenhniecnbtf, enlce ua qg
rapi d cTohrirsosenovni.r onment sesleBlpéeyrade falrnbhet

invariably positionedsawidt lgium @onscr eshenemm| & ©
| ocat Fuorgle. Thi s makes it mortomeceammluenx t Cand ea
a worashogi-oi tid time @t ooadmsn ttirve anontent i s not th
met hod of treatment as t he e xnppoascetd tlhéec attrieoant |
effectDesemietem ntyhiod, t he | arger and more diffi
simpler construction, making somesoft uthem be
treatThhente. are 13 coastal gu,nsi ncculrupdei mnpgo wdewme It |

coast alaiarncdr aafnti tguns.



Fg]r@lTE;]coas:al -Jz'slvr';triml"liery' gun i'a gun
Andircraft (AA) guns were initially devel ope
the collection dating to the Second Worl d Wa
mobil e mounts at and around coastal 29i199¢s t h
They were | ocated at coastal sites to defend
well as preventing bombing of ports and harb

collection are t-aer QFaBBt 70MAR)Yi gmda@bBieg@Fe 470
Bofors -digbtaant{LAA) gun Some of the AA gun

most are on mobile, wheeled carriages. As a
complex in terms of consesvghéeontoi sambhad he
aerial targets and, as such, include compl ex
mechani sms, and rubber pneumatic tyres. Ther

including two shiempdgwiyedat nTidivdadr yparFprostei p hi

ship roles.
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7F|J§J.Ite field arti ery p| ece at

The authenticity and condition of the guns i
compl ete, or at | east reconstructed from the
types of guns that were not bdwdai |l alhley whhan dt
similar type uesetthatothgiaategbhos be of the
i ncorreethidrt mewkuenti ng. Some are poor recons:t
to the originalA aremsa neanit nwoan ktiehdgdiem ienan be

used i n firing mnceano nastté ead @ apantsiow dwtdiai idwieesaeb | uen

The guns wietglokdeliar gamcti onal ity remaining &
deterioration due to the presence of their ¢
t he mov,smgpupartconservati on work not be suffi
additional risk, froéomagtpee aitmome @S e d elaegselanaf
me ¢ h a naidsdmst,i onal forces and heat, and resi du:
which can as.silBue itno ctohrirBoessieocngeas edr ei skt en |

attention, being more regularly moved, and c



of the additiTomiad giiwe&ks tthreegm f aa crdaiitkietad n adruac e ng

t hei rl iafcgti ivme

While the function of the objects during the

significance tammednappvaacbhaesfbobo the objects,

and function of the objects. While, some piec
ot herwise not in a condition to fire, other
addition, many of these have functioning el e

f eattuormiase netddmy conservation work done to the
their functioning features, both through the
but also ensuring the treatment does not int

2. 2. Artilolldretginord i cance
Englishaslsembhgd its iar tdirddddep yv icsoil tlfeeocs iiwms e r

cast |fecsf tasnadt i oned. Whil e consiared ad osoet ii me gi
i nt er psaitgnoinfailcance of individual pieces, sig
there is a context for a particular gun at t

English HEngtiaglkedBetiehageopernawtseesians tahne ar t i |
signi bt bhaegceithei gni t heleaceb) etct he agividegedi ¢ o

be more i mportant. This can be demonstrated
t he col Iseecvteircanl of t hesre afel akxkepersemewvit a¢ we a

from the Ministry of Defence, and so have a

Tde conhsii giseirgendiaf igsuanmt al so be a reasonably a
of a sitebs dhegshghi Armameatis Iincramased by
authentic gun in an original emplacement 1is

in context.

The ordering of signi faisc gpreae taite Hroglti gh sHe rcic
audist ,det erme bedmigy

- An original part of the armament of an En
direct historical association with the si
- An exampdaemepethe the original ar mament,

context.



the same type as haecamd gti ntad dirsmalmeyndd iw
e.g. where the emplacement was destroyed

- A close approxi mati gdi 4 i ayhedmtre gt nal arn

- A close approximation of the original ar m
cont ext

- A weapon which bears Ilittle resemblance t
visitors understand or enjoy the site.

- Annn accurate or inappropriate piece whi c!|

interpretation.

Applying this to diihd eceadt-adypecsmadéE agmuadsawi il
generally carry the most significance, with

to the site.

For wiutnts | ittle siganfacgomentoanadgedteindnadeef
with a | ess ag@omessnove e@mwibadhmment i ndi ng anc
t hei4 eronngare. This proces®ssilsoagailsrteiacdsy oufn dneo
| arge pieces of artillery means that it is s
their conservation in the present dse&pite th
col | eRcattiioomal i sat i etno amala snieawwld insgd tideelnp r educe

on conservawhiglhdo magnsde Winndga mmage t o HdAoweswermp, eces

spreathiengol | ecti ombktid ea sltaragoerre nduencheenrt r al i s e
currentwhyi ciths has its own i mpact on costs

Currently many artill ery pn eicretsecionestehier atdlolne
treatment. Al ong with condition, and risk of

objects ibsy cbomgsliiddelw ehtle i iorade se an order for
most effectively utilise the assets and fund

conservation of the artillery collection.

2. 3.Silbbeation

The coll ecti ofnsiitse ss,prealaadn gwirkoés SEhgl mahocoagt
housed at dihtbeseof Cabebe, PendenfFsgCassl|l 2, 4
Table 2.1)



Tabl pr 2 steéhnet sdi st r i btuegrtomr yo fartthiel 1200ry col | ect i
which they are displayed. Although most have
sites represent 75% of the objects in the co

o Edinburgh

Tynemouth

o Tilbury
Fort

)
Dublin

Temple
Cloud

Hurst ’ '
CaSt]e \ . —
Dover

Pendennis Calshot

—_— Castle
Castle Castle .
FigR4de A map of Engl andsiwti é h VEmigd h shidudsma upr grgte so f
artillery collection marked with bl a
2 0 0 2
0 3 3 6
5 4 3 12
4 3 0 7
0 1 0 1
1 1 0 2
1 0 0 1
0 0 2 2
13 12 8 33
Tab2leNumber of pieces in the artillery coll ec




2. 4 .Coast al Environment

The coast al epnrvii maornymednrti viisn gt hfeact ofrt d mtrurtyhe
artillery collection. While it is a possibil
stable environment, thiasbmenatetkeycpsecteor
interpretation and would | ose valte@sdeo their
secki)dn t hough it does put them at an increas
The key defining feature of @add&est al i enaiero

and spray form, due t o Ardntaraetal.p0i52017mMany t o t h
of the sites are laterally within 100m to the sea front allowing for salts to settle on the surface

of the objects, with the majority of the corroseféectof chlorides being noticed within

500m of the coast and decreasing until having little effect aker (Alcantaraet al.2015).

The deeper waters in the ocean atgwease the air salinity, which already decreases towards

the shoreline, and on inland water ways such as estudrieh@l ts2®&122) . Ther ef or e
l' i kely that the | ocation of objects on a sit
have an i mpact on the rate of corrosion. Whi
form of shelter whicdh orhay hree ckd eemetnhies ,i mt her
cl oser tol tsheea steems dlrtointg i n mor e a(diiaghwcread | e
2..5)

Al t hdaghbom the Met Office waal bewerstatirageat
(123. p22rdawiyesalr mor e t han 1mm odfayrsaipnefralyle aaat aD
for En,gltamids rain will have the added effect
the objects to form a more conductive el ectr
(Popov, 2015 pp. @®aonvAerrmzedl,y , 2 00ré6e pippi t9at.i on c .
contaminants off ofThise aik sof aoe ohet oal §r vielc
settle on the su(rRHieeel sedatati e bomsdi aye r e
deliquescent salts such as sodium chloride a
adl ayer, and potentially mi glcantdrgetdl. @015, he met a
Santarini, 2007; Greenspan, 1977). This can lead to a more frequent repetition of a wetting

and drying cycle, leading to more regular corrosion and preventing the formation of any more

stablecomsi on products (Dill mann, et al . 200 3; F

in section3.6.



The dew point is the point at which condensation will form on a su¢@asem, et al, 2019)

and due to the high relative humidity, it is regularly surpassed in a coastal context. This not
only facilitates an electrolytic layer for corrosion cells (see se&i®12), but it can also
compromise the application of coating systems, as they require an environment above the
dew point during curingiSherwin Williams, 2019b; 2016a; Hemple, 2018; International,
2020b; Cromadex, 201%b

N

Fi g @ne of Engdd®.dmAlBMepgiunage odBaghery, athart |l epo
exposed coastabi gpnsabvof oooshowiog around pa

Environments are categorised by their potential to indoo®sion in coated steel from C1 to

C5, with C5 being the most aggressive and C1 being thele&(q 12:924317) . C5 i s
further divided into two sections, C51 and C
respecticvalsy.i fTilctati @ omairre fd etcearsmi ni ng factors
enviraomneentpresence of contaminant which can
coating system, the relative humidity of the
condi ti onsersaitcuhr easandenpumi di tvy. Marine envir.
the most aggressive due to the high concentr

prone to fluctuation.



Enviro|Extedesocrri ption |l ntarisamripti on
C1 Heated buil ding
at mosphere
C2 At mosphere cont{Unheated buil dij
smal | extent condensation may
C3 Urban areas wit|{High humi dionhy aai
oxide |l evels, a
l ow salinity
Cc4 I ndustriahlanda|/Chemi cal pl ant s,
medi um salinity|ship repair yar(
C5M Coast al environ/Buildings with g
(Marin|salinity condensatisa@an i an ¢
C51 l ndustrial area|/Buildings with &
(Il ndus|{and aggressive ([condensation ang¢

Tab22e Environmental desrcdilit@ONnGRO2MN1T7heir
As athtil |l ery <colilnecetxitoenr iiosrt Ipeenyvmarranl ngexrpto s ed t
| eveli sofbl e and UV |l ight. Al though having mir
can hdarvaemaat i ¢ | nepmagtofont hddecagti ng systems. (

consi st

cumul at
and over
transfer
pol ymer

pp.; 6 Géu
can al te

Dover Ca
perfor ma
5. 6..Bd.t h
weat her

ongoing

of polymer chains, Phbitoldegradatul oar a
ve and ciarnr eovfetresni bblee ,seen i n the form
al | decl i n@Gaient 2d@EZX.h;a nGewd. k guhv,o ple9gahst e s
S more energy idnng craaiiingo motr @ \iasniale
esapiecs ally pol ymers conrfSpaeing hntg, a2 0o2n0s
sklen, dam9stsm ke the form of crosslinki:t

r the properties of the polymers (Ge

stl e amwkrkRe theostelnb FPatsadte sites to a
nce of a range of coatin(@@seexsaand tniean
| ocations r epihceslelnec tai dmaragse weolrlt i aosn
monitoring sites, at Dover Port and

monitoring of the conditions



2. 4Dolv.er Castl e

Dov@rstl e 1 HDolvEeatss dt mBnagsltand, overl ooking th
The edge of the @p@ppt del h@dtedtegs ifsr csm ttuhae esde a
060 meatteorps t he whit eDwced itfd si to§d ProwxiDmivtey t o r
has al wary si rappemtagaretgi ¢ | ocation, referred to
military presence has exi sAgeedharowmdenthi csas
built during thEngleigm K& HEmhgegs VR &f2rdcans o c c u
t hi swittitmeaddi t i mrod albdiyng naddced Napolkeanrniuac yWar
(English Hexi Thgear hc2aisan et Rddt@hé ury, but t he

was still allocated as a seat of emergency |
due to its network of secure (Endérghotedi bag
20384 The cmesrttl eofwatshe wi der Dover defences, \

i ncla dedrciaetsalofgumu,coaomrd iAvMat ed from the site
were al so plad audrngpes es f oCurrentl p QF 8L §pl ay
MAA gun40m@amQBof or 8 QIFARA gdmn, foinel disegund,or occa
| i-vieramdy,d i rQR8B@ AA gun.

Dover Casttl eweciastc!| @asnel ttdve port and town of I
a high degree of salinity in the environment

giving it some characteristic features of bo



Fightg e Areal i mage of Dover Castle with | oc

2. 4Pe2ndenni s Castl e

Pendearst e is | ocated in Fal mouth, Cornwall,
also built during the reign of Hef@mygl Visihl as
Heritage,Se2ORedbndedhibgattbbdeseages of 160Be cas
m from the seaapmrtoxabhMmaethéelviatdtomnatodgi ¢ | ocati
entrance to thepe&pbyt sotadedtf pggneoned, t kel e t o f i r

sea. Largeasowslitlal ag gaumasl Ilderf emaleidbrtene entr an
from the 1890tasicuguhk Weébe. aARso used to prote
harbour. Atsiviac e oiutssPpaorodnetrismiuc tda penr at ed i n cot
si mralsatalte sSt Mawes and St Antonydéds Head on th
(Pasfield,; 1BV&l, i pip. HBUri agét PPOBt4brey mi | i tar
the ar mament s3 cloampgrei sBd.d 6dff g2ament ti mes, and

weapons includiAtg |@FBelf20 rpadord (gnumeslt & A egnpnh ac e d
site during the TOElaeynel 6 8o gt AvoWaXF and one BL)
12 pdx gomsB0mdMAsgunsS. dnd AdThemne aréd @pldso 2x



field guns and hed®dyp mmomMd onhupidomoé L ke28. pdr A

and the 155mm lairvee .aflilr icragpabl e of

Due to being surrounded by the sea on three

whilkkdhve any for weaft hetelctoard ftffhi emmsse ac,o mainndg t h e

salinity ofDutehea os eaeimrgeeazte.a | ower el evation
Sshelomesufrounding trees and foliage, while L

sea | evel i's above much of the surrounding e
:/‘_.‘\\ ; -

, d R D, ‘;';'q "3/?
FigB* e Areal |1 mage of Pendennis Castle with

2. 5. Currgumt mai ntenance and manag
Due taoggtrheessi veoaehyghégimemant coatings can pt

prot ebcyt iboeni,ng abl e to remain intact within t
i nhi biti n\g rpaemte,r td ®1s0; .IKakdietii,omre,t taHe ex0pLds) ¢
in which the guns will be displayed necessit
damage. Furthermore, some of t Reaegauesss ialrlee sk

me mber s o fwhtihceh pruebgwiarntte e gshfedmg resi stance t
damage to protect against regular wear and t
vanshaliion. Finding @&ttmadhesg wbhgohremanme i s
di fferent gduinfsf eprreinotr icthiasriancgt er i sti cs based o
needs. More rigorous expeegmental hepépuli bsi &8
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rrently Es@dnsdr Hatrii d mmgeaet n echoeagsylyasagi ems it no
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(Stanl ey, TiGgx diusedat t wot dah aleya efnatr spot treat

fi-yearly foruplsar gtéhre steowmaacte referred to as mai
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spectively. Mai ntenance wor-koanhvobgvebt wmah
ealsamafge, turni ngwod dcearin & @ lagpecsto i il 1 @t mé nt s
rr,i agreds reporting on t hevaawmereanlaln cceo mpd iutsi anms
tensive work. This includesarneati na eanansieb It e
ring maintenance, requiring partial di sass
ssing sectiodmnosmetmdi rctoenmpaomeet s, oatnhhde mi nor

semaempl andments for t /whee ei podhiedierealintles o
pesiattuhnetri | t he coatings have reached their |
|l onger pr otve dtei sruftfo dielteendelgireassasn 10% of t
rface requi (BEhgnkpygPr2omhau memnfadsiylsugreem ocfa nt h
ad to additional i ssues with t hetrleoagtinsetnitc s
vol ves | arger secti ons mieeésaurgf add es atsos ebmeb | setdr
e previous coatings so that a full new sSYys
king a |loftewolvimag ame removal of the gun
n be more thoroughlsysdiesmess Faeamtli endy. pAse nmea true
dgetary strain on the collectionpieeggirin
is is one of the f agcetnoerrsatteh aro rree |daatteas otno ttl
at,i nnhs cthntcmainbut a beseop-Banpe@fice meaigntmendrsce
tablished.

t he i nec eRptrDogare sdpfe ctihf i ¢ coating system i s

>
o
()

r document , reaxwpevwr & Ene eddthieo rea li s fl o rmi tt kee s
i's system over 8&hylethbe semecaerdsgygsemm h
om conservators, manufactutsed®ctamad, ttdatn
ly system which could fulfil the requireme
sirable traits of theoauldr dret psy ot e@mtamai o

atppropriate for the specific object



2. 6. Treat ment methods and stratec
The coaoasigsg em speciHfeired aigre E ragtldiesrh doc ument
manufactured by Sherwin W lIliams. The systenm
epopxryi mer ( Mad&rnop axuohielgedh®i9d | ayer ( Ma)c,r oproXy
a polyurethane tEo(d aatl eyAhce? dllo@mp oCs2i3t7i on of t
further expAlodr etdhriene 5epf8 ctkheetsiereqac kb twnsi sting
coating and har deneacomiBoussiteeenmsc osausctha | a sl otchaitsi oa
system meedtuhnapseptebcritfsi ed in the industrial st
a C5M environment forl S0 ple& 24949 of up to 20 vy

o

Prior to th

(¢

se ,shestemsf beesgneaepepliedbe prepa
meet a standardi sed( Taecbvieel 2t.03)en

o

speci fied t

Nam|{Cl eani ng/Description

S a Air abraUni form metallic col our wih
free fromdiansd bglree acsielss,, as

rust, and coatings

Sa Air abraTrace contaminations only
when viewed without magnif

diand greases, arsusme,l |lamds

Sa Air abr aWhen viewed without magnif

oils, greases, dirt, mil!/l

tracésrmly adhered.
Sa Air abr a Whe

n viewed without magnif
oils, greases, dirt and poq

coatings.
e

ST |Hand too When viewed without magnif

oils, greases, dirt and poqd
coatings. Treated thorough
sheen.

ST |Hand too When viewed without magnif
oils, greases, dirt and poqd

coatings.
Tab23ex andards of cleaninlgS@ AME@B07 substrat e




It is commonly spegpirepadetdhanbp She2s6riadaceselp
ST3 if done by hand tools, with air abrasion
fini SO 292B1I%A;nl ey TaBD&8AX.t3Ee)r sur,t bGseueb sptrreaptaer ¢
canviblenetroabrlacpi d corrosion once exposed to tI
formation of superfici alr ecfoerrroesd otno pa so dguicnt gse
systemsi mappl yed via air spraying, although
brush when regui 26d2ijkel®hBdpddE omarkress ii dn

preferable to carry out treatments in a seco
controll ed woirskisthue m.uii Wesdé mdawe atse st he si ze or
i naccessibilityaocfti samard.lyjtldnxtagsee mposaay gur
structures are erected to control and shelte
Lower temperatures dlwpachlae i aagrsi, n@l ttihmar ghf mt
cure at temper aSthuerrensi na swill. B w gabrsss, B 2@el(5i t age s p
the treatments to be done with a temperature
isittrueat ments are paobsesciabuhsee. | dhger i st spakes ik
cuntdée more chance there is of external ffactoc

particul arilgyi.twhen done

The success of a tecaermtmenltarnagqdal v taf fl ontged ildy
the objectstmrecddewsmspgnaméhntedle artill ery and cl
jointed areas to thresirtelgyamreyddsmansbhoagmabhhyga
i mpr actaincdall i kel y t o expos el hmoeree |Idewgeflastted fiarm ¢ .

arceonsi dededi wheng tender specifications

T No dismantling, the objects are kept toge
are, only treatThigmdaice mmosil gl doserfiaceain
pl us, not a full treat ment

T Component dismantling, whlerekelkddadKerkanr sle

carri agteakeanc .apart from one another and c
reassembly

f Totdalsassembly, where the components are f
removal ,oif yvasncd eeawsery possi blse pacheiferirgent i
being reassembl ed



Theesilee@dl of di sassembly ifsordettrbeeaninngeendt pr i o
rel eased, as some ndf hrehedadtuel tergi peeaad ta

canmb be disassembled due d® mnadmgocendt $ eved st k

mi ssing piecesi malsisndplreeadhemblpyesents an i s
contain interior spaces, which are either ho
operating the movement of the gun. Thgse can

if notmakbheadbie the deterfoomt wobhhoh,the oODb}
be Velfnearmblwater may gather within the comp:

Some objects i nmitshse ncgo Ipli eeqoticisacre shawe a condi ti
them from being effectively disassembled and
supporting sections have also corroded to a
objeosafe. This necessitates the reproductio
to be safely displayed as well agyi mgr owimg
for proper reasseivdbiny mifeees come elrevlad i tommget h
which are damaged when removed and often nec
reass.enthtlhyi cal consi demadwhensahgr vikBebobk) ebt
made and care Iis takenstarenduarne htflué rnteprnt dceu
but also documented so that tsheayYEaocglni sbhe di st
Heri tape, Ne@w2B8i eces which are introduced are
withstand future corrosion and | ast for | ong

due to fabricati odt canmakeh es urees etalracth trheequu i a ree

2. 7. Future development of the con
Thmaifract orismpmehanta h@am e ment o fartehhee rceoll dteicvte olnac
i nformatcoati ng, pbeeryfoonrdmatnhcee ma nwh iakcriigul riesrhs g u |
Heridameuti |l iwhe ctho chadiichg systdmefctli vieln® stsh &
| ong,awsi twel | as mahter icxo stth/abte ntghten ewMdartBecew ar o pt y O
ofmanuf act urceorast i pnrgb tseygset iedsean ttiafbhrea si @rcoast al
enviromgnemitseSsd 112944, there is currently I|it
di stinget wbdengt he per f orQGmamsceeq bBoefg ttihgehs eH ecroiattai
adopts an e mptirshpgrael v iaopupsr oeaxopbefrai cetnucreega nsdpeci f i
t he gnmatl lofa heritage sector faciThbebDesearch
resegencdidat @ t @ msvu pdfecarsdeedl ecampbi snfil coating
for the artillery idhikBewcasebef | HdglkidshckHer

Hmut | 3 S



guantitat-gvenbohagesmreenmantded,he contexsedl|l toequi

define. opti mal

Tha st/ beanpepfliyti nogf a wiolalt i meg cersttrean t o t he val
to derdiogti mal coating. These ar ecitds.xdns s ed
The |l ongevity of the treatments prevents add
| ost during removal of previous casanailngs and
amount of materi alsadamne |poisec edsurafn gt htehiosb jset catgse

excessi ve acoaasoisliyonbbe nper f oreantte.d gi ven repea

Due to the size of the,ondlyl ectfieawvn odn e cd s tc ao
treat menturraemt ygatdls seassing condition and s
determine where the budget can have the | arg
i mpl emented this wildl | argely remove the nee
can achi evaecet mser ibeg sdafrs ddd@n 5% of 1t.hée col |l ec

pieces) wil/ undergo full treatment each yea
under the rollingswpitm.t Deseromngeéwnigt gyamne msu
cotas | lswwe¢ &1 i be i ntegral to establishing a cy

unnecessary damage to the tcoohtebeceimcd n@frabt s w
annual mai ntenance andsmaA rctyecddmcad plrwesataneeart
for better planning for staggering |l arger ma
consistent number of .pihcjeesc tbseiantg tthree astaende esa
treated side by side, eadisndg olrogionntsiec alat®orsc

| n su,mrmar grao Bf ami ng Engéciosahs tthdr iatragetshery col
|l i mresdurces aVackabflfekrapedi ineigdarmavan § o best

all ooseees dthoichees st posian ve ¢ onpsaeitcwdtliecn i oofn t |
Many objects within the collection are in a
conservation treatment, so prioritisation 1is

S gni fafc atnlcenuphittecresiidnerceadncert with condition

order in whichThtios tarlesaot etnhpeh aosbijseecst st he | mpor
t he t racsantemecnwati nbe required to |l ast until a
have been treated in order for a cyclical tr

identificati on o &rdeuoraathil neg esnyosutgehmst owhpircehv ent



to the objects fior tahd omama sptea li loedpvwid v d Ml eereEting |

Heritage with a key componetndr m oc ccrosmertw autcito m



3Corrosion
Corrosidame primary thr®ant amy arotniclelrenr yt oc d lhle

susceptibility of their ferrous component s,
di splcoayadsi on can take effect quickly. By ur
corrosion forms, andmebbammshmacdemead U Oowsu b S it

for bettelhownpr@théactiintke® coatt mg s kppr é \nentr @aore

failure may present.

3.1.Metallic Structure

Il n their metallic form, metals are made up o
met al to metal, consisting of metaét adabms su

2010; Berta2wll.7e)y ,whi chs 6 it dnibigteanteens tolie el ectr on

their slvuogubeen extracted from ores in the
hadaanergiyal m are prone to oxidation, to reach
combi ned wi tdasotchharp PalppaDdlgG8®) . Du rpiorsg telxed r act |
coolpirmgae88s¢crystalline structure grows from r
meet and form grain boued@®ilesy @Ramdl e,anddb
orientations (Covert & Tuthill, 2000; Engel b
i mpact the susceptibility to corrosion along

15A at a | ower A snet@Emsg@lropreg.ti2G1l&)a.n be me

cool i ngSpwecegoodiiewysr gr ain boundgareiaetse,r mal
corrosion resistance (Randle, 2005; Engel ber
harder but more brittle final product .

Al l oying combines mmébbabk ouctbeclatsternanipodoibgunon
properties (Engleth2®I|h.7; 20dba Bs aa2hBdh, har d

or corrosiobi fésrsthgnmel t i nogf acnodmpporneecnitp ietlaetm:

(@]

produces differing composcaushempogiheint pr be

(@]

produces energy differences, bfeatcwceloerntr ashieogyr ai
al ong gr aiam db oduenpd aereilehsg y 8 p g s(cPhampoovp @ n2t 011%

Irregul arities i &urkcbaisdeaatlilonn ea nsdt rsutcrteusrseess, 1 nt
manuf awhuchngre not r emoved rwivtihd ea mmoorremael niesri
di fferfEemgelsber g, 20Rd&ac tRiamidtlye ,o0f20Meébt)al s and &

be further i nfluenced by external t her modyna



Popov,ppdQBwhich can be manipul atedrtosipohl ue

rate, or corrosion products, for example the
stability.

3.2.Metallic corrosion

Within an oxygenated environment metal corro
redox reaction, requiring the presence of wa

(Alcantaraet al.2015; Santarini, 2007) The rate of corrosion can
guided by a combi,mratstompmmdd tihfesenéd aicgd oalssent
corrosion rate is normally controlled by the
l i quid adlayer onanhtet dewhawen aafx ytgleen meatnaldi ¢
(Al cantara, 20Ha&hi $8ant1ta8vni, 2007;

Energy differential within the structure of
el ectrochemical Papow,epd0Cl5ai slseoxi2dd®6i;on of
occurring at the region ofEQuah]j enEmgyshedpr
el ectrons migrate to an adjacent area of | ow
Alcantaraet al.2017; Selwynetal.1999;Popov ,p p2®D,15wher e t hey suppo
reduction of dissolved oxygkEqQudsedpBeyhet surr o
al. 1999; Alcantaraet al.2017; Santarini, 200f Fi gu.sr eTIBesdg are known as
cathodes respectively and they must be conne

electrolyte adlayer (Claisse, 2016) .
Electrolyte

S
oy
x\o

Anode Cathode
Less Noble metal More Noble metal

Electrons

Fi g8 e Di agram of galvanic corrosion betwee

The anodic and cathodpcofeposibhnhgel aad hegat
anode and cathode rélespebti t6Bg; (Ehmedse?20@61
caused by the formatif)omtoft hpo saintoidveg metdalt hieo
at the cathode ( ClSehyn,etal.l992 Yehaptal.200)t bhs L1882 he

Hwt | 38



el ect
gener
ser vi
These
corro
carbo
produ
met al
corro
react

compo

The p
(Cl ai
l evel
produ

| ess

React
poten
stand
val ue
ut il
Ah med
corro

cont a

rolyte can migrate to these sites to ac
aaed nbBHet and bomd imen iat ahByogdurapta)idineosf t[e n
ng as the initiaet 2®&dIL7rpsGohbprgd&ctEeel &

can then be influenced by the surround
sion products, predominantly oxides, <ch
nates (Gil berget 98FkYynetal.12998 1 ;WhA |l cea nstoane
cts of corrosion are soluble, oxides ar
Bopbape2,0 B mepp ) ABE&Ee form | ayers tha
sion potenti al by forming a physical b a
i ve met al (Lambert, 2016). The morphol o
sition, isrmifniemgctrhe igradt dotri detwal ue

- O . A 11T AEA [1]

I t( TtAocg(/ #AOET AEA [2]

c( /1 tAot/ #AOET AEA [3]

0 000D 00 811 éi ¢t [4]
redominant cathodic mechanism is influe
sse, 2016; Nort h, 1982), with hydrogen
of EBquai) delblow gH | evel s wil|l all ow fo
cts to dissolve after forming, making t

|l i kely t9g.form (Claisse, 2016

¢cO ¢Q O [5]

ivity of metals is calculated and ranke

tials (Cl aipp.e),2 £ Weleds u rPeod oavg ¢ 2r0dliSng t o
ard hydrogen el ectrode 1 sa ddenfdr ege dp oassi tO0i,
is |l ess reactive. The galvanic series
ses an electrolyte rich wipp.cBBOride i
, P R.O00DDB7Al t hough theseesectemecahn bel nee
sion and which met al wi | | take on the r

ct, kinetic and thermodynamic variables

Hagt [ 3 S



determining i mpact on the courseppd .tAe reac

produ

mi tiga

corro

C

S

fail mt

as we

the ar

bet we

Coast a

suppl
frequ
guant
vect o
wher e
( Tabl)
t he ¢
ocean
geogr
& Ri z
water
mo st |
cl ose
dri ve
prese

mo st

e

y
e

r

e a conmradiegiys compowoit ant to identify t
te them or prevent them from acting on
ion and the formation of corrosion pro
8 pmi a coating or beneath the system c
I as the remowapr dVpegboaebsyenwpret eased
tillery pieces, creating a wide scope
n the component parts.

I environments are the ideal environme
of water, electrolytes, and oxygen Vi
ntly dammd Wi gh yheai dity (aHmdilnar gle 87 ;
ties of |l ocalised airborne chlorides f
from transporting undissolved or part
they can prod€ihhd¢ ®r avthd eel ds @ tinr osleyatw act elra yaerr:
a8l owing them to spread and 1 mpact on
eat estwiefhfienc t5 000c cmu rorfi ntghe sea (Al cant al

and sea air-r i s not a fixed constant, b

aphical | ocation and seasons (Juhl s, et

Bi), Deézper waters are observed to have

ways cennea,t edudib ash estuaries, can rap

y
S

n
n
d

fresh water (Juhls, et al. 29€922). Thi
t to the coast which are most vulnerahb
corrosion mechani sms. Whiitlhei nc ocrhrloosriiodn
t to act as catalysts, -daaswidll soictceusr, a

amaging mechani sms not oacwatram,g. A r a

predominantly consisting of chlorides and su

Salt compound Del i guescent value
Sodium chlori de 75.5% (Greenspan, 1
Magnesium chloride |(33.1% (Greenspan, 1
Magnesium sulphate |91. 3% (Steiger, et
Potassium chloride |(85. 1% (Greenspan, 1
Tab3dleCommon salts in sea water and their ¢



3.3.Ferrous metals: steel
Ferrous metals contaipredominant heompabhentl y

Mi nor all oying meitradinsmpaooev eo fttheen caodrdreods itoon r e
workability of the iron to maketi2®llb7e;tt er su
Sotoodehapa2Vi2rdbaami n) . 1B 7more complex objec
uncommon to find several different ferrous a
function within the object. This is expected

el ement has oan stpheacti fwiid |If wneotaind di ffering pr
availability will also enter the rationale f

stage.

By the 1890s't&mdaudirlrytmew har t2i0l | ery pieces wer
opposed to the ptoeypwgmaent yr iconnswheairt ed fr

iron (ledr2édm0z8i)s., Thi s was due to the advances

how di fferent all oys gener aet 88 .p rQotpheerrt ineast emoir:
as copper (and its alloys), rubbers, and gl a
artillery due It oputrhpeo sneusl toiff uintcst icoonnraponent pal



Name Al l oy Uses
Mi |l d Steel irocat borm.(20)Cheap to pro

all oy (Sotoojand easily w

Lambert, 201 met al
St ainlless stj|iroghr/lomium (]Heightened c

nn ek >6 Rap@vi,fresi stance

2014; Sotood

Branetlt e®ll.7;

Lambert, 201
Toatleel iromun/gsten (L4l mproved har

2016) resi stances
Ordnance stejfiron / | ow co/Durabl e, wuse

carbon, mang|variety of r

chromium (Ba

et 28&11.3)
Carbon steel |iroh gher con(Harder 6thael

of carbon (u|lin sections

(Papavi,n@9dm; greater stre

Lambert, 201/ machine.

Tab3l2eSt eel compositions and propertie
Grain structure has a | arge | mpacatf feerc ttelde boyu
the inclusions in the alloy as well as the p
Generally, these form into three named struc
Tuthill, 2000; Engel berLamb201Q; 20MmMed, F20xO4,t
common -Ablroyowteel cooled in an ambient temp
Austenite is more usual in unall oyed iron an
more stabl e structiunrcel uisfi otnhse roef amaet eard dailtsi osnua
carbon, chromium, or nitr-segenal makuoguaeme &ak&s
2010; Brta2wtll.7e;y ,Covert & Tuthill, 2000; Ahmed
structures abei mgr eaworekalbloebend and wel d, w
comparison to ferritic alloys. Martensite 1Is
similar toesfesrietenganedaxn compari@0d) to th
making it the hardest and | east workable of
owt I 35S



deformation (Ahmbd, maA@96cppstaiB6é)ion met hods

wi de range of grain structures can be expect

The amtiekteasr pri mari Ity adomprioyed fqdi.rebn and ceé
2. 5% %ot oodeh, 2022; Lambert, 2016). Al though

the metal, due to the production of more gr a
di fference and siliceous sl ag dep ®2Di2tdy ,adtti n
al so causes an increase in its strength in c
type of steel, contaiomi f{ig@etntee.all bye @8 Otbmod a b,

Papavi,n&2dgdm; Lamdleirng i2t0 1t6h e cshtetaegple st and qu
manuf aGrteuartee.r catlt leombsilnecaldu stioona har der . but mo

Some common steel alloys focus cnt 2&ip7r;ovi ng
Engel berg, 201Pap&otoadbdam, n30aB;8imhgar dasss
such as tungfobbepeati B&OI19.89 op pfsotre alr i (I | bits or pé¢

r e dieftor mati on.

Stainless steel i s commonl yHauhsiend,Btla9n&anpy o v e
al20)Y7 including a high amount of chromium (a
et 28I11.7 ; Popmw, 2Zhis all owest diomr d& hursft eed 4 loi
oxi dabrohonger as well as improving stesi stan
preferent(@Palplyi o®ddlims e Sot oodeth2®I2I0t 2i; s Bmatnt |

expected to occur arntial Ilearryg ec oglulaenattoi$ayro,n i wh etrh

resi stant ssedl sthough may be present i n sma
Ordnance steel (4140) is commonly wusedat for t
al2013), often in small arms but also | arger

chromium inclusieng®dllBandupopadhygy for increa
gener al l-ryounododpradperti es, i ncluding cost and
in the fabrication of sections exposed to hi

bl ocks, rbewqtuidoe msomte c,sallcihs ead prhoper tiines ecoi |

During thec2afshraoentonyof artillery pieces I
di fferent alloys, mostly relHaogiggs ,on2 660D 2 dp ps.t2e
due to its ease of ‘gereondtuucrtyi canr tain d evreyr svaatriileidt
construction and consistency of materials us

demand required artillery production within



to many different manufacturers, | eading to

modelwith alterations made ttto nigndmd asea Ppmrodu

phil osophy which favoured speed of fabricati
Manufacturing techniques used i nalntdde rol I in
forces used in these can introduce stress po
nor mali sed, introducingdadathodinal siptres efEmdgd

Prior to the 1870C¢GGseewrenmgihvelaypydusadatpiimddamnt iwl

repl acedubytetemproved prod@Uulcdrn emz2d@d0Bgd bi | i t i
Whi lastciron has the advantage of normal i si ng
preventing additional stress poiitntasl §a ohmdei
di sadvantages i.nlmheomparnboar ti ombeeglesi st a
andmadarse mal wealklad| @and St eel began to supersed
more resistant to warping and cracking. It i
specialised piece'stdmt urhye weapo rcso.mpRreexv i2dus |

cannons onl ysianprheirect £idstoifng of awsihghe piec
moving parts, while after the snmpbdryuctdéesngo
such as coastal guns, nowet a&8I08)ye dldamihgmsned
al so hecamemontal dympl ex than matchBligwsaess wi't
QFguns, internal firing pins, and more sophi

3.4 .Corrosfeonoufs metal s

A | arge variety of different corrosion produ
metals influenced by external environment al

oxygen availability, and ambeer®llpH ISawndlas i
200H&ahin) . 1BB87additi on, di fferences within t|
as alloying, grain structure, and galvanic i

(Cl ai sse, 2 Q 1269;10 .8L; o rBenngz@ Msh,i®suipl dof f errous i ons
aqueous adlayer around the anode decreases t
acidic environment which can prevent corrosi
Once ferrous icusrounsoinge aignteoutshé ayer t hey
hydrolysis, "aond mhndr 6@é¢ ©®H)ons ( Nort h, 1982) .
anode and cathode iIis reported as tehte ara.in r e
199@l;ai ssAl,LcavwudPraevadling corrosion product

thermodynamic stability, which is influenced

omut I IS



ionic moieties i OFit bher eolBa D | wann skod up li otnt e d
di agrams to assess which corrosion products

prevailing conditions.

2 -

Evs. SHE/V

_2 = | - | - | - | | = | | = | | - | | - 1
2 0 2 4 6 8 10 12 14
pH

Fi gBXRourbaix di agater ds$iSNgnRaerrondl)l.9

Corronkicdhhmni sms require both anodi CAaocdntat &c

et 2811.7; Gil berg, ¢&etSedlldy, NbLEGN,at TS ab
Il nitial products undergo further reactions

produce a wide range of corrosion products.

O 0Q ¢Q 6% & QQw [6]

"0Q 00 P OO O [7]

6 TO 1Q °¢00 6B QQ® [8]
¢Ool U0 TQO 100 6 @B QOO [9]
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Unl i ke many other metals, ferrous metals do
mor pholf olgahyeea sr rodsi owhpcbdeokbtiséwre and air pe
t he met din 22W0r0f4dadMe.i ssenri edeal &8hbeghratudiugege

demonst rcactuelddmidro@nmpr ot ecti ve inipinavi cwslrysic
suspgctiesdefdr om site to site, being influenced
l i mi t eplhd®oe gmsel | ut ant s.

l ron i s also particularly vulnerable to cata
anions such as chlorides and sul phides. Thes

the rate of corrosion and g uesdse sctoarbrloes icoonr rnoe
products, allowing further reduction and cor
Seawater, a key contributor to the introduct
bi ol ogical |l yRGmatzieviel Ineefdji&uMBeieai, t 20D0F) . Thi s

anaerobic micr carl pehrait emg ,e &nrkdgBti alllgl iksa dtaert iea i (U m
consumes sulphide ions and hydrogen sul phide
water. The prewoamgaeaiecfmst h ensda crmit®erso an anaer okt
l eading to the empl oy mennetdEgfimnat.hn®nc @t hodi c r e

3. At mosphericiromomrrosion of

A wide range of different corrosion products
chlorigespidaa®deaB.be formed based on the ae
surrounding environment (Al acaet 28@.7;20bBascC
et 28123) .



Corrosion pr{Formul a Source

Green( RuadrntoxiFe Fgd( Obl+ayA ( Retail®I19.8)

Bernalite (H|Fe( ®H) (Cornell & S
2003)

Feirry drHiytde o x | F €0sH L. @ (Cornell & S
2003)

Lepidocrocit{oFeO. OH (Asami &2 K0 %)

Oxyhydroxi de

Akageneite (|bFeO. OH ( Schetck®115)

Oxyhydroxi de

Goethite (Fe|UFeO. OH (Asami & Kik

Oxyhydroxi de

Magnetite (F|Fes (Dillmann, et al.2003)

Lawrencite (|Fecgtl (LoeAprerri a, 20

Chl ori de)

Mol ysite (Fe|Fecgl (Cornell & S
2003)

Ferrous Sul p|FeSO (Evans & Tay

Maghemite (F|oFgs (Cornell & S
2003)

Hematite (Fe|UFgs (Cor n®dhHwesr t n
2003)

Ferric oxych|FeOCI (Cornell & S
2003)

Tab33eCommon

Green rust i s

high concentr

a common

Sel wytn1®199 ; eGel®ilon8 ) .

chl oriader bonat es,

transform int

0 oxyhydr og& dSee laenyd,
Neket 28107; eGel®il9OBg v orHalval ues

corrosion
i nter medi at e
ation ofGiddRleoSeiedee yor
Green
sever al similar

and

products for med

Me me t

mi x e d

s uhlypdhr aotixd sd.e a@f tseurb sfearumin

01x9i 8dle;

corrosi o
1s9u8l 1p; h i Ad ea ca
rust 1 s a mixed
i ncor por at'amdf ifbamtsh (Sel&YN; et NedHMO 7 ;
Thi sgemeéemiren f or val enc
pAr | cadcu
and Taomd*&Rednr at i o



facilitate the (fDbhriehdli®®B)of Theeeowncesnt rati on
surrounding environment have a strong detern
GR1 commonly refers tanda@ieons uswhiclbat@R2iing
cont ai(nBr IELOsLiI®O5; eGel®ilO3 ) . Il n high chloride c¢

an intermediate role intehé®dBygmatijon of aka
"00 GO ¥ "OQ0 OO0 &® 'OPO aof "0QL 0 0OJ11

Where the GR1 has previousl ytdted@ldB8RrImed due
X0 0 "0OQ ¢6a O ¢¢ p'‘O0O ¢cOQ 0 20 06 @G [1P

This connection means g tstahbaste gf uoernnia tti roann soff o rGiralt

akageneite can present a significant risk to

Ferric oxyhydroxides are uswually the most <co
further divided into U,harbgggghdchf arenchexybwpndt
but differ in structure (GilbdO9@®2&.Seeley, 1

Lepi dooFeOCi ®©d, i s a c¢omnfoor nceod rvolsd m nd ips soadluvce i
plentifubpsaadeChot present (Gilberg & Seel e
corrosion produ,t00As 2Mi0 38 . KiLlkewpd diocr oci te i s
structure for the oxyhydroxides formed durin
Gil berg & Seet @®w)0.7)98 ImaiMdfyf f or ming a porous
all ows corrosion to continue at the metal su
( Sant ar;Maréchl, et2all2007) Lepidocroci wet®@amofusribars
fommgnetdof € GgkdbBeel ey, d02R2IIEJaanb&pmwhi ch

forms a hard | ayer near the metal surface
¢ "'O@&D0 "0Q © 'O O [1B

Lepidocrocite is prone to being,r enhikt edy when
susceptible to facil iVegateteal.200d;Dillmaanet ac2008;1 es of
HT r bt@.,2003;A1 c aretta®l,7) . This incread®as the conocg
electrolyte, allowing further corrosion to t
secBi6o.n

AkagebEe©OeQOH, is often the dominant corrosio
chl oride environments and commonly occurs in



produced by tram®mazmatl il es )&f RBRgknEi 2607 eqlL

chloride to form, including it within its ho
mass and adsorbing it on its surface to crea
2003, Reguer et al 1200r0i7d)e. bSeucrof naecse naodbsiolreb eadn dc
corrosion of iron in contact with it at rel a

Wat ki nson and Lewis 2005; Thi cgloatst a& g@ceclIsysh a €

compound to iron.

Goet BF¢e ®,OH, is the most stable of the oxyhy
Sel wytnl®99), with other oxyhydroxides gradua
Ki kuchi 2002; 2003). It is also common in ma
patina of the oxyhydroxides (Gilberg & Seel e
aetriaon of oxidation and hydrolysis of solid
than 3.5.

Magnet e, i(sFean oxide product,ttdbposuté&dcasoc
t he met al (Gil berg, & Seeley, 1981; Gilberg
oxygen enviroetmeg®®8) (@khiigengios favoured in hi
environments, both being moredisgt abll ved o pocii
ferrous oxyhydroxides with ferrous species i
magneti tet 2a&ABRkat 4]on

"0Q yYoQd O ¢Q © d0Q) 100 [1 4
As a result magnetite is a common sbeebsion
objects exmpalasedriommext sr

Chl oride corrosion productsy) predommmantlyyf b
acidic corroAimwmnapi2807TLo6Gipleberg, & Seel ey,

the decrease in oxidation of iron at a pH be
forming initially,|l ¥ eoxiobhise @.h® kbtrowdietsh cfaenr rroeua
often only persisting in particulAarclayntaacriadiec
al. 2017) [Equationstéeb5iasel 1t6doe¥Whinioe dlhage

can trap them wit-Athi aR®om@@eéucles¢&( Rekpet,

"0Q ¢06 & § ©0Bd 00 [15



¢o@ a c0J0 U © ¢oQd O 1006 & [1P

Potlilotnr om i nduisstfrtigad h airre@&ukphat ed976; Alcant
201whi,ch can contribute to the ftor matlipdhmraofc
ac{Hducera, 109e/t62®IHTEcqaunattaProan,d ¢} i on of sul phur

met al surface can occubydweéeéctbgofrpomoaciodi £
Onto metal, damp from rain or dew, or by dra
Acidic rain pooling on a surface not only in
sl owsnodyfkusion, but can also attack coatin

substrate

") OO0 0 ©° 0 [1F
This continues t o acAcdeclaenrtaatrea Seabtthyoad,i. e 2pOraofc.e s
and increases the dissolutiobyotoweriogstépe
Further reactions can |l ead to the formation

cause the formation of a sulphide nest and |
20 1ll7ceAet i a,. 2007

CO™ ¢cOQ 0 © 00 oY [18
Corrosion products form over the surface of
surface dfAl chet me talad egfte rail a), T B20080/7/may seal t he
although if it dries out it wil!/ beanomensein
and acidic environment athad bewiesxXxpmasxed to ampl

During the initial stages of corrosion, anio
corrosion products form, and the rate will d
(Al cantara, et al. 204&f)or At ehaea hpor eesssd modoanrcod n t

di oxiadhe sl ow corrosion and cause more stable
of akageneite (Gilberg, & o S eehkyriindcér8edapsi ecsA s

corrosion becomes more aggrietssi VARl camtcar a,g ae

Moi sture ingress through a failure in the co
ambient humidity, and weather parameters suc
covered in a continuous film, amwetinttessl ongev
Hirl ®, et al. 2008nc @nmnt il maafumsmogitsittimer .el @ 0881 or



anodic and cathodic sites aprodiddciemgi aorfil axi
across t(he powr, f &dhek5 e a pwaBt)serma Idireorpl et on t he
this creates fixed anodic and cathodic sites

Ferric Oxychlori des bheoamnr ofsardnm ygemaabiugce p o rotni
(Gil berg & Seely, 1A8ranGiarlhest | @apbed@lOY Il I &
(e OOH) , TFeetOHi)t, e a@FaegeOHei,t eal(ong Wkt hc | nmasgen et tol
t he metal surface (Asami and Kikuchi 2003; A
Gil berg & .Seely, 1981)

3.5.Corrosion in a coated system
Coating systems are the primary method for p
met al TDlibhg ecdat i n@gs sy spghreanv earstyignegn, wat er, and
accessing the underlying metagilt IShhopmodbsisibl &e
| ocalised corrosion will occur in these area

adjacent areas of the coating.

3. 5Colr.rosion within droplets
When a water droplet settles on the metal su
(Koushik, et al. 2021) that |l ead to diced si
pp.151; Galvele, 1983; Akepasgpombe&shape,obOt
dr owi €hi ncowhriocshi on tshdeoss olsggdmhsil srepl eni shed
i nwards diffusion, creatiendgéa thieghrogpndedant rwd
centre of the dr doghriesaetmas ysg edre pdtearedat i on cel
its centre surrouneded@dBy; c&viaéddegs. iAgdRIESHI k,
nerated electrons move throEk&ihedihres stod i di fin
ough the @aoe®ibidBaElgdd umdde msvar dl yf rdamh f usi n
cat hbods es st hreoudgh thho®rangeceoouDDsmeodci pmoduc
di c/ cat hfordiincg ilodt erubssaiwe sn t he anodic and c
i ¢ hsaf @rerpr empgnmeotnalasi s oxi dAlmead ( EZ@BGS, AP26
uséai RPI2.1) . Evans (1926) expl aneat(iaddbh2 h)a.s be
They determined the centre oftheeiéesobuti makh
n

—
=] > D O
o o =

=
>

i o mi gration more difficult. As a result, t
concentric rings towards the edge of the dro

(Waeg 2&124). This has been attributed to the



di ssolved oxygen and ferrous ions, and no ad
water which would i mprove the corduwudtddvyi.ty o
The oxygen starvation effect continues until
by morer ecaalme andh et ¢11 p iett@t2008; Pillnfannet al.2003)(Figure

3.4).

The hydroxide
quickly oxidizes to | Electrochemical cell action
| form rust driven by the energy of
L ‘;" hvdrou:‘l’de N oxidation continues the
‘orms an \ ’
; e o Water COrrosion process
recipita \
| PRI [‘~~::;\_\ N Droplet
==, OH ions OH iors,
0, SR A Fettions > 1 /0"

Cathode gRUSER, . 4. RUSER, Cathode

| EA

Cathode action

reduces oxygen Anode action
from air, forming causes metal loss

hydroxide ions

Fi gB3@orrosion process witt2dilnl)a dropl et (|

Pitting corrosion causewesigdni fliosant bkamaggear
penetrating met al |l ocally (Popov, 2015 pp. 13
al . 20239f.orWheidl ebyi twaiter dropl e{bBbi t)ydadn al s
i st yapeaofure which is exacéEhbatedabysedt!| area
badly damaged (Ahmed, 2006 pp. 149) and may
compared to ambient atmospheric corrosion (G
through chitormatdencomrdectrolyte acidity, o0Xyog
and structural <charactepp2s9%6i Gal o€l ehel98Bjac

in the alloy localising fixed anodes and cat
surface of the metal will also encourage | oc
corrosion, watetei $heegubrcedsto facilita



Cathode Fe2* Cathode
+ S

R ——

H*

Fi gB4alB agram of thepimetchagpi cer wo sihom
Anions and high acidity in the electrolyte p

deep penetrati otnheo ff itxheed Achomeredo, sai 200N éa tp p . 151,
1983; Akpanyung & Loto, 2019). Once a passiyv

coating system, ,ca@asrbsemncompgpuom®mi sagi dl y (AKkK
and is accelerated in steelSGaolrvenlae, | ¥Y9®F) ch
| ocal i sed pweldlocxh Irderei cdtei oann i otnes @& Ind oot rt dhset gtiitc da

crebyedhe pr &d wdtBiopro v H2.8fBd 5Hy d r o?liyosniss aonfd F e
|l ocal i sed | owelart ihcde pivhh blmasies devoid of oxygen
combi nati onrf oprmeav @ rotns otfh es o |l Aldc acnotrarroas,i 02n0 1p7r;o dG
Seel eyThe®t8ligsdd ocat ed vahe rteh epaprirapusoaiotcit m

whi ch nadilsotwsr e iamglr esxsytgigthoant{ ara, 2017; Gil be
1981;etN2@lHPCorrosion resistant a¢speg@ir®dllen as
to pitting corprposilddhme@pp20062ppAshe2;r Gal ve
hi gher | evel sspoft ecdirn @ahi umwahidfst bei ng anodi c.
forms according tad |tohlyeh ameadtoaniclenrtgyatd font nd ¢ hl
surroundingd3Jabrea. (Figure



M =

Shallow, wide Subsurface

b s B
Marrow, deep Elliptical Vertical
grain aftack
R N
Undercutting Horizontal
grain attack

Fi gBx@ross sections of different morphol ogi es

3. 5FRi2l.i doomrmsi on
Filiform is a common form of corrosion which
(Popovpp.2)03dllbSmal |l facbatsgsgwimt ciam @ahéow for
amount of corrosion to be formed through thi
et 28123 ; BauiAi shauygho8sysightly, the damage dc

the metal, although litt cdaouesse sd a noangge, tthhei nc olaitni
generally up to 3mm in thickness, which pern
olup 0t 85 mnHaah idna)y. 1(P8@!| et i on of odx’yAgaekne atnhde hy
head of the | inRopdv,pp2Bh®BalinCrinb@iéeitpadt.t i,

2023) and the tail is fed by the easy ingres
coating (Bauti st a, 1995), facilitating the ¢

(Cri steotf 2®I2(BHiigur eD8p®9i ti on of corrosion prc
(Hahi n, Baug871;sta, 199t528€IZ8) stodmagetihe overly

all ow oxygen and water i ndaghesns )tllOBiveed otr mat o
of the sites is commonly influenced by the d
concentration of salts is responsible for th

(Cristetf ®#28t i Wei ddenri eder, & Leygraf, 2004
commonly consist of porous hydroxy)] sl198uyrthe

Santarini, 2P0 Mhes Meymsetete,m 07t i nues to be del
can form (Bauti st a, 1995). These split off i
they veer away from one another (Bautista, 1
affectlead olr yn f@doo rorcoaserp,uni.irtes high | evels of hun

80% RHEHh({ n,Baludt8i7s;t a, 1995), althoughcthe coat

nmut I 3°S



influence .Ptsmaccuyr € hee dhmlmargied &8 sk acmaursreau n chie
environmeamei ncrease the rate of corrosion a
porous or hygroscopic eto2®Ib38; 0o0Gi phbedg c& sS ¢ &l
Nett 28I10.7) .

Porous

Aerated alkaline with mtingg_:
Fe{OH);, ‘\ CLQ
Deaerated acid ——mm————— - e - -
& e
(L PORRONR

Coating e " %Q ’ﬂ‘
A" TR T oﬂ o 0)UWoD
-
Steel Anode e Cathode Fegly H0
FigBaglei agram of filiform corrosion (Popo:
3. 5. 5. Gal vanic corrosi on
Gal vanic interfaces are formed when two diff

another (Pppo2Ab2&dd5 2006 pp. 126; Lambert,

an environment c,omdscifwe cee oonrr o ®i @gmef er ent
anode, while the other accepts she¢.RMU8ctron
Ahmed, 2006 pp. 128). The galvanic series ca
all oy in the gal vampi;24f2hmepd e2 O(0P6o ppopv., 1 26);1 5L a m
2010) 37 i gondeonly occurs when therod eingialsuf
di fference (LambeTrhti,s 2rOels6u;l tHsa cikn, d2aOmalOg)e. c a u s
to be predictable with the majority of the o
pp.241; Ahmed, 2006 pp.128; Hack, 2010). The

nonconductivaecterbaosl dnupratdong the interfac
reacti on, el ectron current pathway (Ahmed, 2
Wi thin the'®ceomttuerxyt aorft i2l®lr d rayc,e sg alrwa rcioanmom . A
of ferrous alloys were employed in their fab
washers and brazing and wel ding. I n the case
i mportant ironbeeomeobhbewhAnoldi wi 61tes.



Active < Potential (V) vs. SCE > Noble

-1.6 14 -12 -1.0 D8 -06 -D4 2 0 0.2
Graphite
Platinum
i-Cr-Mo alloy C
Titanium
i-Fe-Cr alloy 825
D stainless steels, gast and wrought
Stainless steel types 316, 317
Ni-Cu alloys #00, K-50p ]
Stainless steel types 302, 304, 321, 347 N =
Silver [
Nickel 200
Silver-brorze alloys ]
Nickel-chrgmium allqy 600 HEEE O
Nickel-aluminum bronze
70-30 Cu-Ni
Lead
Stalnless steel type 430 I -
80-20 Cu-NiC)
Ni-Ag
Stainless|steel typas 410, 415 I | -
Tin bronzes (G|& M) (3
Manganese bronze ]
50 Pb-%0 Sn solder
Copper| 3
Tin
Naval brass, yellgw brass, ted brass [
Aluminuny bronze ]
Austenitic nickel cast iran ]
Low-alloy steel
Low-carbon steel, cas} iron
dd
Aluminum |
Beryllium
Zn[
Mg
Fi g8t®al vanic series in sea

water

(Popov



Low conductivity = little or no corrosion

™

Cathode Anode

Maderate conductivity = corrosion close to cathode

‘ Cathode Anode

High conductivity = corrosion more spread out

7S\
‘ Cathode -‘m

Fi gB& ki agram visualisingaltwhwa&nifd oawvorofo®il®rct (ldac

33.5.6. Oxygen starvation

Water pooling for | ong periods of time can |
as oxidation consumesi tidsi afofludeddeo i xnytgoem f ast e
(Santarini, 2007). Corrosion mechanisms cont
providing the electron exchange, most often
( Al c aett 28 l&Dfllmann,etal.2 0 0 3 ; eHdl.2003Ra, nalihy dr ogen

(Al caett 2®147; Cl ai sse, 2016) .

The reduction of | epidocrocite in the initia
corroded surface allows the exchange of el ec
oxygen to be reduced at t he( Alad devttdZ®d ll05; t he e
Dillmann,etal.2 0 0 3 ; eHal.2003®This is not sustainable long term, as once all the
lepidocrocite local to the anode is reduced it will not be able to accept any further electrons.

This prevents the formation of any atiloial corrosion products until the electrolyte has
evaporateda | | owi ng | epi docrocite to aa&?2003).hisas a ¢
is explored further in sectio® 6.

Hydrogen reduction is the more common cathodic reaction in an oxygen starved

environment. As described in secti®2. this primarily occurs in low pH conditions, where

nput I 3S



the acidic nature of the electrolytepedethe dissolution of ambient oxygeA ( ¢ a rett a rad ,.

2017; Claisse, 2016; North, 1982). The hydro
mi crobial acti yS t2yo(RRhmaczhe irl d deusc;e&sMBHne & i, t 20D 7 ) °
The hydrogen can then beCifarsher P@&dt6mdAl tan

2017 allowing for the flow of electrons. Mi ¢
anaerobic conditions, as | ow oxygen and pH |
mi crobR®@makefkl s ; &MRemked&a i, t 202007 SRB i s comn
GR2R®mazeil l es )& Rekrtatb, i 2808 udtpha@lt.7tont ent

contributing to the formati ®R®mazekFé Seas &a Ret
20D 7

It is not expected within the cont,exats of t he
although some are exposed to pollutants whic
environmeme ot hi smwl |l er degree in comparison
coastal | ocation

3.6 .Wetting and drying cycle
Whil e objects in medabihaddmrpt extvs remjmeynta t hi
for objects storedPrieciexitteatniad n,e nfedyge,6 redseev,ff sa
wet ness wentotwnngasand chhtsgiesg gaoy ¢li eant amount o
Ssubstrates, due to the porosity and solubil:
corrosion pr oSaelty, (1@ 8elb; 2 @HSehagn,etal.d®WYand i s
a significantly ifnoprorctoaanstt acdorarrasiildnrerryaut e

Three are three phases: fiwpgBasaghegiens twoadf adrm
el ectlroybegrnt oss tihtehes usdcacred strageahthdsvsnel stend
thickness acanmdid et He indad r s ad\@eguetal2005; Dillmann,

etal.2 0 0 3; eHdl.2003®\,| c a rett ad@dlMaréchalet al.2007) These three

phasegvere first identified by Evans & Taylor in 1972, and first investigated by Stratetann

al.in 1987. Corrosiomnf thesesystems has been identified to be limited by different variables

at the different phases (Dillmanet,al.2 0 0 3 ; eHal.2003®@\,] c a rett a2&d],.7

Maréchal et al.2007)

Wetting phase:



During the wetting stage, as characterised by a growing electrolytic layer, corrosion products
already present in the rust | ayfeOOHar e prone
lepidocrocite (Vegaet al.2007; Dillmanngetal.2 0 0 3 ; eHal.2003@&,| c a retta rad ,.

2 0 1Maréchalet al.2007) This also aligns with the anodic dissolution of iron, increasing

the concentrationof Bei n t he el e etal2003 Maréhalet-hl.2007 @nd

providing the electrons fdhe reduction of lepidocrocif& q u a 19]. o n
[ "OQO 0@ ™0 o7 08 @ o 19

An alternative reaction of lepidocrocieasproposed by Kuch in 1988, this incorporates two
di fferent-FeOOH anctcROW[E @ 8 a 200 0 n

g "0Qf'C0 QO "0 ¢Ov 2D
Pringtipal ¢grrosion in the wetcarnrgo ssstealgfe i s ¢
( HT ret ak2003), being anodically driven by the dissolution of the ferrous species, and the

reduction of lepidocrocite (Vegat al.2007; Dillmannetal.2 0 0 3 ; eHdl.2003® ,
Al c arettaz#&dl,.7) .

Wet phase:

The wet phase is characterised by the electr
surface of ctrheea tineestl aelc.t rTohcihse mi cal cel | whi ch
mechani sms previously explained, either wunif
a small droplet.

>Fe. OH. OH begins to coveHitkt&2803 Mdrxralegt and i s
al.2007)and so is able to facilitate the exchang
0 XYy gen dsiamdves thiough the pores to the metal sulfdega,et al.2007;

Dillmann,etal.2 0 0 3 ; eHal.2003®aréchalet al.2007) For the sake of modelling

this stage it is assumed that the oekagen i s
2003).

A catalytic intermediate ¥D>, is produced in the cathodic electrode readtioig u a t21 o n s
and22].

0 OO0 cQ OO0 ¢c0O [2 1
OO0 © 0 00 [2 P



Fé'catalyses the 0ecdmposi arena bharbge variety
mechani sms as to how this moromnalsisy taikmp! ipfl iae

express the end[Emeaa@Bfonof the reaction

6 1Q ¢O0 ©° 160 [2 B
This stage is limited by the rate of oxygen dissolution and reduction (¥egb2007;
Dillmann,etal.2 0 0 3 ; eHdl.2003®@\,| c a rett aZz&@dlMaréchalet al.2007)

Drying phase:

The dryi ngi pchhaasréayitser i sed by a dec(Maé&wmle i n t |
etal.2007) a gisntt deeVThAper anet i & hckeoyr raocscieol ne rnmaetcehsa n i
oxygen can more readily migrate through the
andue ttohd hprsocess becomeMaréchale d.R200Q.Oh ge ciont r ol
reaches a etnhrochkkinrersesr otfh €l Or e dHiicrt Bt@.,2003).r ocess s
Corrosion products begin to form as the reduced Lepidocrocite precipitates, some

transforming into goethite, and other oxides, chlorides, and sulphides based on the

surrounding environment (Veget al.2007;A | ¢ a rett a#&d1,.7 ) .

Sever al model s exist as toewdypyhasge.r e@ruect i on
expl apasi omategs educti on becomes more consi st
di ssolution into the electrolyte (Santarini,
el ectrol ytaendharse seterdiecctesi tthhree cat hodiHi ran®, ano
et al.2003). It is alssuggested thdhe decreased size of the electrolytecipitatederrous
oxy-hydroxide species onto the surfaaslepidocrocite whichisnee onduct i ete ( HT r |
al. 2003),andpassivagsthe anodic site (Vega&t al.2007), preventing further corrosion. The

cathodic reaction continues, releasing electrons, making the current within the electrolyte

more anodic, and increasing the pHetamaking t
2003). It is likely that the slowing rate of reduction is controlled by a combination of all these

me ¢ h a ni s nesal.Z068).0Onte@ge electrolytic film fully evaporates corrosion

mechani sms ar etab2003) |lpaeirnd raxithsed doethjte and precipitated

lepidolite (Dillmann.et al.2003).

Corrosion layers left behind by a wetting and drying process are susceptible to subsequent
cycles of wetting and drying (Dillmanet al.2003),by further reduction of lepidocrocite.

Goethite, also formed during the dry phase, is not so easily reduced (Sethal©999),



leaving less lepidocrocite for reduction in a subsequent cycle. This means that each cycle has

adi fferent corrosion potenti al based ebon t he
al. 2003; Dillmann.et al.2003). This was referred to by Yamastlatal.as the protective

index, expressed as U/F®,00dHo-BgDdH ioihegcortosioa qu an't
producto f t #eDOHandF®sar e i ncluded in the o9 value o]

corrosion products (Dillmanmt al.2003).

3. 7.Corrosion within the artiller
Corrosion wit hibar tEinlgll @ rsyh Heelrli @ atgiesn i s | i kel
ways. Due tdhdi sphlbeeyr,ecbastaalarge degree of <con
anions, ppomduofhguwmshteabl e corrosion products
all ow for corr osTuorng otoos ee als9i 8l 2y; cWanttkiimweon( and

and Odlyha 2013). They are also prone to fre
cause aggr essi vMaréchaletal@®T) gn atso wedduras( the pot
puddles to form in water twhapcshh eveidlols 8 Baheogwy

starved cell and promdéatasmtfaurntnher 20073 l, i asd wae
gal vanic interfaced betweambenmpo2a@hé ;s KHacls
These | ocalised corrosion mechanisms can | ea

—+

he objects in a relativelAb bsesg2®&®l2.33)mo uWwhti |oef

coating systems are abl e rtoo opcrcesrrailtn gmfaaiyl wrf e
can i nadvertceanltilsye dp rcoommortoes iloon, as well facil
ferrous substrate, compromising a | arger por
not taken to prevent this. By understanding
occurcoiastal eanviirmfnomemmed deci si on on the bes

properties for a coating system can be made.



4 Hi gppbr f or mance coating s

4. 1.Coating systems

Regar dil keeont @fx t i 1 ung @vwhpihcehma royf gopepll yi ng a prote
coatingssyot@emevent damamget heo dasee saufb smetadale
corrosionThpireviesnteomeci ally true in a coast a
environment can cause excessive damage to me
preservation of the object is the primary pu
t hiaries and different systems require diffe
By exptlhoarsisnygs tth antst ybpees t t hréeeg uti aoeimecenmtgsl i sh Her
can be identified.

4. 2.Composition of a coating syst
Theosnt widely used high performance coatings
sysbémover | ynatgh &€ro att h anrg sawi ta tasi®mlgdl Hee ntpoea t,i n g
2091b; Sherwin)Wi ITlhiiamsa, | 221 f or each coating
rol ebeanniore closely tailored to provide the |
depend on where the coating is positioned 1in
coatings.

The application of a coating system begins w
for thhéelstéeomtt hae substrate and prevent exf ol
system. ,Asréacespireparation plays a signific
corrosion resistance of the system (Emmer son
for surface ,pnepaocgattimgp mxnsftfacturers often

f or ctohaetiirngs . For -pefeormmgrmae toyoatfi mgg ht hi s i s

or ST 3 (Sherwin W IlIliams, 2016Db; 2019a; Henm
2019a). These are comparabl e srtmamddr,dd,i riteaw
mi | | scal e, rust , and previ ouwhiccomitaindglse | ea
under magnification, with Sa 2.5 being achie
(1 SO-185200117) (fabkPe52i8) commonly achieved wit
al umi nieumroxgildlass beads, producing a | arge art
purchasing of additional materi al s. ST 3 1 s
areas or needle guns on | arger surfaces, whi



| abour intensive. Both of these methods rely

conservator to reach the desired | evel, whi c

Il n multicoating systemsthe hgrifmerst tslyisd eims ta
the surface of the metal with Ibdiamngnaicn invel e
coating (Mardar, 2000). This is often achiev
Mi teta2®I114; Kaevti 28} Avaaqg mmar layd zlngsced component
duteot being a | ess nobl Mametaal R2O00Ohe Pgpplwvan
The nzx corrosion process first occurs with tF

hydr oxn dtetse cat hodic areas of exposed steel,

barrier | ayer, preventing further corrosion
before the iron corrosion productddi provaldl yn
zinc corrosion products are | ess voluminous

(Jarman & Salli kataevtre&@ll 208 ani ng that the corr
not compromise the coat i ngasl sad orvees itshteam tb yt oe x
corrosion mechanisms, which wil prevent wid
could be caused fPoopmo va, |200clabl ipspeedd BF&AA .3 Qurries t(o f
Bautista, 1995

Atop the pdiamer ,i somemi des referred to as a
every system as some tailored for a | ess agg
Hempel, 2019b; Sherwin W Il Iliams, 2021) . The s
as an active coating, to provide a greater r
or a barrier coating, which itsurdee saingdn eido ntso tpl

the coating, to provi deeanoNiek tpagaoe 2dltli;on t o t
Kakedi2®113). Zinc and aluminium are the most
coating, duiet o osLthesebla g(t an@d @ 1LAd;diHaicokn,al2l0yl,0)onc
pi gments halvex ipdied eyt etnetgiafl i kebacti eemprkeayer,
st abNil knt gevtd 2&l1Klaak ;e i2®11.3) . Whil e t hi si tcains pr o
not able to provide the same protective prop
most common pigmenltawdi biaeaudbaMiripea®mi de (
fl akekr gevte3@llTh)es e ar e i,neprtevaenndt isntgabd er eact i

moi sture or oxygen, while the pacahediesse of N
barrier effectAddicthimomdal 11y9,68t)hi s stability a
physical properties in the system, with gene

pat [ 3S



(Ni kravedhKlak edai2®&I113) . Barrier coatings can a
cathodic delaminatiomutiuMini chhydmsoxylit enocsulsend
coatings rai dli kgaartkd@lp.H) | eAetphir\pet inobeamad sntg s

protection early in their | ife, with barrier
sys tleimse, although the most effective corros
are applied te¢edida k di2@ila83v)es Ml t hough some
contain both MIO and zinc dust, it i s more ¢
barrier to be applied together, this all ows
whil e al so 1 ncr ehaes isnygs ttehne whhiicchk nceasns porfo vti de
more aggr esss$(vi eetn@Ix b;n meenmhpel , 2019b; Sherw

Due t,obhéhmajority ofswinulcthi co aladayiamrg acspns diear a
barri eromplegat tdheczinc primer.

Topcoats are the final <coatings in any syste
coating is completed. This means that they h
of the opjembilwThei act as a barrier | ayer, p

t he sMisteeta2®ILBheir for mudmtriesn Stoaxmucse st o weat

physical damage, | ight damage, and any ot her
envi r oviimecnetn)t(, Ldcladt i ont aedcopatr@opasebpdéct

prioritisapgrn omeodtfh ecst adtpicrogat . The topcoat i s t
durable coating in the system, responsible f

prot dotitdhre Imetiad often the major driving fac
Syst em,n aapsp rtoopprd aattet he envi r onme nlto nwpoeuM idt yc oonfy
t heentire system

4. 3.Coating types
Coating systems and applicatadonamedadposdsamvary

| i mi toafttieonn sd et ec ona tniedg byh & miest r y.
One pack coating

A single pack coating is the most convention
by -gddsi ng ,ofalstolhovweght ssome al so have secondatrt
(Gorkum and Bpuwmlaair 29i0mpl e composition mear
can be usedmamyl fdepleingd situati bhseyahdrgehtve:x
avoided in doel o bpalshwiprag.esThey can be tailor

pmut | 3 S



irreversible based on the chemical compositdi
medi umdHoddedh d(, 2013JanaBaene thsemaa, p pll99%8d wi t h bru
required.

Two pack coatings

Two pack coatings uti Wwhsgehtmvwlbadgficfmeergdesnt ¢ o mp
' i nki nglPa g 2®illodne tDa&l) .7 whgiicnis ebecur ionfg tphreoc e s

coati mgi s means that there iIis a |imited work
to this, consistency of application is al way
the |l onger the a,ppmplei anotrieom uifsedyccehisosr et akescan |
A remedy for this is to only work with smal./|

| eadheewt d Hhtecrmegsed mor e oft en, neehaanni enegr otEhtaito nt h
bet ween the difdte2&lh4) babedetso (Pae@jchemical

procleoswser temperatures maki 8¢ 9 wittoh bkee aaipgn ii feid
certain temperatures ((PFheséensWstkeEmamare2@QQéfa
and difficult to reve®naged,duled tecDABMI.7S Tcwersien g

can be applied wi¢e¢dquibredh or aerosol a

Powder coatings

Powder aaatiiquges ian compari son to single or t\
' i quid, but MadspoWwddr medauimng so fatreen eanptpilriee dy wsi
el ectr ostaanudit ¢ IItesatngtind metlGornmea powldesi ve sol i
et 28116 Sukat @®R,1 This met hod generally | eads
of the surface, |l eading to their wide use in
to this uninppuetoadpyp!| acatmnmon icioimbhwen Ipyo wadpep lsi ead e
oftenzamatb8es&k aema@a®dl21), the requirements for t
el ectrostat i can# iytt raepaptl meendt nea kleasr glrearwd eorgi st i c

coatings can only be applied in a spray forn

4. 4 . Commonly wused coatings
4. 4Eplo.xi es

Epoxy resins are organic compounds often wuti
(Ni kraveaho;, &b kR@lkB; Hamad, 2013). Epoxi es &

wi del y used -pcaocakt isnygsst eimms ,t wdoue t o their wide -

pmut [ 3S



(Hamad, 2013). Epoxies, while being avail abl

compositions, are normally selected for use
abrasion resistance, good i mpacttamdecompres
their highéddaengkiieneg o cur ien 2®(INakmadesh2013) . .
wi de range of pigments can also be included
resi stance properties. Thesesmahkldaynehrdsm iwe | tha
mul ti coating systems, but they are rarely wu
This is due to a poor resistance and vul ner a
deteriorati 8petghpropeéeodoipp. (617; Hamad, 201

4. 4P.o2l.yur et hanes
Pol yurethane polymers are categorised by the

from the reaction between an adtcpdl@Ll: pppytd]

ChattopadhyayRapm@gt RaNd,etDB®BIY.7; Vincent, 2010)
i socyanate is able to react with the hydroxy
carbon atom between the negatively changed n
within the iIisocydeabGteuRédiRclt i mpal7 ;grChwupg t(opad:!
2007). This reaction is the basis for the fo
pol ymerisation and curing oiforma @foltylhue epg dilaynhel
i socyanates used can be altered to control t
pol yurethane a versatile pol yemme2®I(0C)h.att opadh
Pol yol represents the | arger comprimatibg to

responsible for the flexibet2OR1Ipr @epent3;i Vi m
2010). The three most common forms of polyol
(de Seotuz@n2.l :-4ppTae@uldilz2; Chattopadhyay, & Ray
chosen depending on the properties required,
common el ected .Abt hregderség rcowmpg imgms be vul ner
hydrolysis during |l ong pertods etufmbcseat eya
natur al envir ennéitls (pdee t[VFAIZTA0o uCh dt,t opadhya
Ray a, 2007) .

A variety of different iIisocyanates can al so
rigidity, oxidation resistance, and@at U&Il stabi
2010). These are predominantly aromatic or a



-

action at the isocyanate functional group
ating (Chattopadtlya®ll g Ray aS5®|22¢0a0, o;p Bhu, |1t
en reported that along with rigidity they
ability, allowing for use ofet@2d®dllyOmer s i n h

nw T O
- ®© O o

a coa¢piongyussepgtheamemmonly wused as topcoat t
they have no active corrosion prevention
od resistance to weathert hpg iarelrosw sa ytehr e dt o

neath, forming a stHemgelcoh2819k; cBSae¢in wign s

o o O uw S

21)t has been found that with time the pri

—+

ructure occurs within the uCea&m@ nb€ ngdrso,up,
ue g ohawiing the | owest dissociatieadan adnergy
014 ;etzdhall o) . Excessive UV damage has also b
educe tensile str éagtth2ai2.3 ;lkeitDadplosl)y u rwe tt tha me «
coating this can cause more surfade ffuaitlhemes

N O O N T Q@ 9

]

additivel @ay mamboi gdley u weotalt ai megt heas been found
i mprove the barrier propertteenaflf tberpsignor
resi stance, although cehin cceaniongegefdBoms anhA

4. 4P.o3l.ysi | oxanes

Thmost cammennpat yueet bane systems are pol ysi
Polysil oxanes are typically harder with stro
systems, wixtyhgean sbhaahakcgdamm &€ s i deet ZT&IAAH nceCGhen,
201Dhis has a greater -dernbgarh hdrmad, trhaaki g tah
fl exi blae dsewhipohysil oktainreg syasmagne i and emakes I
a topcoat HFMay Ki,| 2X0®0mg .systems are commonly
pol yur,ewi hdnepoxy plrayrekerssp éaln,d Rdrld@ibn Wi | | i ams,
2021 Polysil oxanes are often considered to he
pol yur et hanestramd owolngurf and gl oss retentior

age if they do not include an acrylic modifi

4. 4A14k.y d s

Al kyd systems are generally the most wused hi
refers to the synthetic resin used in the bi
modi fied with oils and fatty acids ((Genmrlsuym,



are al s

o common characteristics of an al kyd

cure. These tdfeeommmnd fy dt dreatcale aseasp t he rate at

Il i nks f
not t he

=]

begins

Al ky
2012) .
t hey <ca

o
(7))

systems

e

evapor a

typical
h

whi c

4 . 4Qi4H
oi | bas
Bouwman
a simpl

meani ng

orm (Gorkum and Bouwman, 2208953 i.ndl it &o
only curing process, an autoxidation

the cross |Iinking and chemical har den

can be -baspdndmd| showater in solvents
This increases their versatility and
n be used. The drying medthaniheme mail & i
shifting from an oi l i n water emul si
tes during drying (Beetsma, 1998). I n
l' y have good physimcdalt gpuplpred&d3sd ¢(sKii enrcll

make them resistant to damage.

ased paints

ed paints were some of the first mode
, 2005), i mgisns eceodnnooinll ya suTsh bfgt lawmed i n g
er composition in comparison to al kyd

that drying ti mes Gorrek ugm eaantd yB o unwenmaena

200Al t hough due to the ,phesawntexiodati @ndpi oc e

mai n cu

aggress

4 . 4Wabx
Waxes a
waxes,

provi de
vapour

context
contain

not con

ri@aor kpum ceersd Bpuwmaese 2806 not common!

ive environments, as they are gener al
.es and oil s
re primarily composed of high mol ecul

such as renaissance wax consisting of
s them with hydrophobic chemi satnrdy, wh
transepto2dl0.§)PetTehhres smomst common waxes u
s are usually microalrkanas| ame, napltl
ing al kanes, for ming eitn2t®d0.8)ma | Wa xiersr edg

tain additives or pigments themsel ves

componelmteowraereg a barrier coating, making th

aggress
t hem a

ability

ive environments. While they can be u
v da lnu aclolnes etrovoelt i2d@i2 .3() Mo Itihrea,r pri mary st

to easily provide a protective coat.



Addi t iwanxaelsl yccan be applied over the surface

original paint, |l eaving i tSoumetiibmhes wfharl et tsd i
conservation of industrial objects oils are
|l ubrication, but as this only applies to a s

of this study.

4. 4Fl7u.or opol ymer s

T

uoropol ymers ar e c¢ommotnil yk usswerdf aacse sapbdalt d tnhg s

o

—
o T O

messec( YamaSdoene 199 of fluoropolymers are
ei-comanosion properties, as well as their r

nditions (Vincent, 2010). A fluoropol ymer

uor i ne bsongtsi,| It hpruigrarii |y alr bsoend baarcku md ne
1PolLy(tetafl uor setah yloenme)n HfPtTURKESO pnoolty nseuri t a
a coating, due to its high melt viscosity
verage (Yamabe, 1994), although other comp
emul si are.trBAtf h wloe mee tchayn eenvee n( EbTeFEappl i ed as

wder coating, which has been f emun(dYatnoa breg ac

R T 2 O 9 N ™ O

O ©W O - O »mw o

94). This is of <critical interest as a | in
ngevity has béedan,eg2080b)i shed ( Ma

One of the most commborftcobtopagbgimbybkenei Vi

0s]

(FEVE) resin, reacting with an isocyanate t

o

worl dwi de, with some being based on silanol
2010) .

4. 5. Application to the Artillery

The most i mpordcdaati pgopte&Enlh eisa fhi pddeleldda catgiesn a |
corrosion inhibition, l ong term stability (b
be easily and effectively repaired. These ar
the objects throughercioordr oosfi otni nmieo rp otshsei blloen g ews
Engl i sh Otleirn tt algasmrecde t r eat ment s pl an.

Due tolighe rmisglve nature of the environment,
to act as a preferential anode, as well as t

from compromising a | ar Corgeectiionn refsitsheancea

pgt | 3 S



durability of the sy$sigmeraceadwi hbén mahsd azi d
recommand hi ckremstso owi 3ROt and a C5M environme
Hempel, 2019b; Sherwin W Il iams, 2021) , al tt
reduced clarity of 6marrfkass doindredriggg ii ss.uch as ma

A system with weakebae phggercaedipgdriyopedrdt it ehse svei |
properties continuegtodoancagerwokrhtkewoind mgr e

anwli des.prfesadt ouch ups to the coatings will or
annual mai nt enminlcle ,l iakneyl yd alneaagvee b ar e met al e
time, all owing corr osi onsyasntde nidsa nwaigteh tsot roocncgu r

properties and which are al sor adllkeohg petiaod

are preferred.

Di fferent systems are al so sTebmpeatattua ed iafrfee r
regularly stipulated for control, with | ower
i mproper curing. An environment above the de
curing of the coating. cohtsnmakesssomabspecthDnD

English Heritagesdo collection, although appr



S5Exper i aexitan

5.1.Selecting coating systems
The current industry standard in marine coat
topcoats, micaceotdsayierresn amxdi daeMi(i eitaQ lngihd pr i 1
al t hough ctahni baelssyus e dhma p ooy g\bibttexaa2rddl 4 Ther e

are many manufacturers and most supply sever

deviations. l denti fyongEpgkiflehdr Hdr sap ecgheofi iccea te
di ffering coating systbameafromstiben ex peevreinmad rotr
|l ongevity, physical strength, aesthetic suit
of application,theendi nggenvemenmentor

Thmost i mportant requirement was for the sys
objects wildl be displayed. For this, the sys
in accordance with |1 SO 120942t00o myeams twheéeh ampeE
mai nt eln@O cleR2: QN1 9Lonhgeeliitgbil ity,keaydbfgorteadri ct
cost otemeif derwhiom aim to minimise budget in

care they can pr owii dEngloir s loct dnlelre dgptaige@mns. of t he

Longer periods of time between treatments ar
involves considering sever al ancillary facto
and stable company, rather t hane aawanalldkbkeirl iitn

mai ntained during tlhev &0 meiantsemdndentaend m dw
c

precedes recoating. Similarly, the systems s
to increase the chance oft énltyirudlneasi miurtg cihro opsri
recently developed systems that may cease to

v
profitable enough to justify producti on.

The English Heritage conservation strategy r
the frequency of full treatments. This requi
original coatings to match peocSor madcer emaint

pur c htasd nggepar ate coati nagets haordes nrse g Diurad d adpyd
nat ur esiatnud lioncati on of much of the artillery
apipdatiaonm vsipar ayhanabbil iy $dyohaetoii mgoao br ush wil |
be invaluable in maintenance but wil/ al so a

application requiremdrhtes nieresli ¢ mddppdocatmamons

cpt I 3S



requirements flarmidesloadteinmepti oas are hazardou
waste conanothedTRaviirmalmeand i n some ways t

requirement is that the systems are avail abl

A range of manufacturers were contacted for

considering the advice given by coasieowvstors
coating systems to treat similar | arge objec
English Heritage cdlleatcuirgnarnot | jeuyt obotthe
cannon cowkeeticombedered | imited published d
in heritage cotnlitehxitss ,diwshciucshs inbpena nati t h manuf ac:H
ad owgt hdustri al publications .guided selecti o

Polysiloxanes are often used in similar situ
properties and mai ntce maasnddeh er envpuiimfgadn ésa tri sh ghue isn
bet ween the two (Vincent, 2010). Polysiloxan
physical properti es tthheaye pod ryeaurreaeltlhya ncesn s iad @ rh
di fficul tl n otthiweie g sedqausi ermeamenrt te nfaonrc ea f ocused tre
a considerable drawback. hWhhéeotihgiynalanpbly s
systsome manufacturers recommend using pol yur
This generally makes polysiloxanes a | ess ap
marginally more damage than a polyurethane s
|l i kely take htoohsgter rapadi r .

Al kyd systems are generally rateldempel | ess a
2091hbSherwin W), idaums,t ®0df hgnsmeghenpgathkhey p
thinner coatilmamcsri erolvayéemgn!|l eesthe substrat
pack formulation is also an advantaaagle t hat n
mai nt aalnong with them being readiFloy apglsieabl
reasoalskydnsystem is al-2badyt umy us@anAammoscas! It
effort i s made, where possible, to place gun
shed at Peendeansniwse |Qasatsl to retlhbendateepgabnsatwbhn.:
sitees.s aggr esssalel cewm vfiaro nanewmitder rahgé&eof coa

cheaper and eapaek abkwpppsystsemgl e

A range of waxes, particularly microcrystal/l

provide a clear protective coating over the



bronze,ancdo@aperncommonly protected with wax cc
and relatively inexpensive costetc2d@diep3ar.ed t o
Al t hough it can be an effective coating for
environment as aggressive as C5M. Whes used

which wil |l be placed in an interior environn
effectively coat a | amignei ntaol |l |neacitnitoenn aonfc emarteeqri
no active | ayer to the coatings, only provid

Al t hough this might be enough ,to anesgogtessr
environment where harsh weathering is |likely

barrier for the timéleperagds Asgtghe ckepgppbdbyca&md

of the objects wildl remain bare metal, which
Whiwexes may find some use within the coll ec
which are | ess at risk of corrosion and bene
compopnéeintss makes up a small proportion of ovVve
generally mohset extlalloemptoma nt s .

Coatings such as powder coatings and fluorop
gener al uf nogrsl st iia@muidhsepteyc i al i st tr ai nitnog aoprp |l eyq u |
themRequiring the obsjié¢tcer scbatbaeagsemddsd af res
treattne@aadins be ,nsaekliencgt eidt an unsui tablloeucchhoi ce
upwoul dr eeagwior e a new system, as these are unse
brush. This removes the flexi-makinyg pPromesbe
requiring a second systeraoronj et £ mpdieogyle dc drmor

removed from situ.

Epoxy coatings are a widely used mainstay of

and versatility with different pigments such
Williams 2021). Cross |linkwhmigclhcalurewsiufromge
be strong and det 2W@Wllel ;etdaBML AYys WRapp, t his ma
wel | suited for use iIin thhgh pdpre fomomacicketemords
coatings (Hempel, 2019b; Shtee¢ wck Wil Fi ams b20
which is exhibited by other systems such as
generally |l ess resistant to solvants and str

pol yurseytshtaenme ( Vi acagsnta r2e0slwl)t, t hey Hhmagewsed a



wher e a

i n

Al t hough

conser®lmmgliiomh (Hgr iittages,

al myst eanls|

more resistant topcoatoaamngsowaireenpt
tivmackhatteng, regardless of whic
reversibilitygeciomcaerkieywidthhincdlhearfd e

nNdQ 2 3&d twawiperrgiommgar | e t

aggressive environment. The amaet Wags msetanoc
texpbaee anret@ahemical reversibility is not po
Coating|Suit|Appli|MaintgStron Rever|Usal

for wi t h with gphysi 430

C5M |spray|systernprope

brush
Pol yure|V Vv \Y Vv X Vv
Epoxy \Y Vv \Y \Y X Vv
Polysil|V Vv X \% X \%
Oi |l and|X X Vv X Vv Vv
Fluorop|V X \% \% X X
Al kyds X Vv \% \% X \%
Powder \Y X X Vv X X
coating
Tabblle Characteristics of coating syst

5. 2.Contextual selection of coat.
After considering the types of coating syste
toppedtweemnse chbeseh &Btafor the requir.ements |

Key
sinaykgd

manu

price
to ongoi
uret hane

standard

Whil e En

thetz2htury

coast, [

compl ex.

-p att me

andA cont ac
i f

corrmsirend agri otn

facturers were identified

system was selected to deter mi
omdl |
managemeeatp alnydu rcotshh amexn eifn tt he
with adde

( Ki m,

ne

er amount of

ng st

s, these are polyurethanes

for mostetmddll2Opn coatings

glish Heritage
grey

and

use gmroesén ,ofand

grey,

guns are or green. Grey guns

n casemat es,

The

are predominantly c

green guns are often of a more



|l ocati ons,

and

proportion

systems

where they
whi ch <c¢can
and wor st

ar e mor e

prone

t o

| i gh

e sigrs\wsaesltii tg art eedr, e e tye

i nifféegrent results for aesthetic, physo ctalhe

choice focused on green
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selected as systesmlsgpmdiafmt ddd bhyheEngl i sh Her.i
documemtisso produced by Sherwi nAIW hdugmst hibat
similar 1t is comprised of different coating
composThi®nsystem was suggested above the ot

di scussed with the manufacturers, due to its

5. 25h2e.r win Wi lliams (SW2)

This system is also manufactured by Sher win

pack coatings, much Tlaibd.ee THhie€s) wioyrsetWeehxdpilednms v le

has been recently used by Engl iisnhc hHecrao a satgeel a
all owing it to & uusreedhta st raeaatt enBeontt migpsrka cHeir i t a
(Stanl ey Th20Dp8) mer i s zi ncl pyhomshuihsh tdee e palxtyh o u
which can beMpOgmwent bdawglhihg eremhane coating
l ay&sSmerwin Williams, 2019a; Séaresr,wi2rD1Wial)l i ams

5. 2He3mpel ( H)

This system, al sopaoknpadasteidn god, tihg dma $ wfoact u
system contai ngr iameri ,ncdmi dcghoamyp @éfxiycont ai ni ng
zinat her ,t haannd Ml @ ol y(uHeemphealn,e 2 002p@;0 aHeemeell,, 2
201(8Nabl.e Toh.i2s) will alblhswsf em adsanp haca@amstoani n Ml
This manufactuhaevi wgelbeémpndéeribeys scloynser vator
who have wnrgkded hwiHelr i t age

5. 2l.ndt.ernati onal (1)

Manufactured by I ntedmyteiromalaha theyi tsywowsadcf&kanl s o
paints. Ther iperhiomer, iws thi rad a WMé O eaploidpyhaantiidc
pol yur et h(alnret @ rormpatoiadn a l 2020a; Il nt e(rTnaabtlieo n al
5..2)Whil e this system is chietapeomdsy itrmel drige
making it more expensive to start wup, all owi

analysis for treating more objects in quick

5. 2Cr50omadex ( C)

The only systop@ackoomota pel gurwd hane system i
Cromadex. This is a single pack alkyd systen
and an al(kGrdo maodpecxo,at2 019 a(j Tk loendX.eZx), s¥618m) w



selected as it is sHnmglliasrh thoe rtihtea.gsey $ctagstis p ureo®
sui tiatblvei mhi at eowawctEciodél etchd on t o bhkEcome alhsmoe
significantly cheaper than other systems and
only rated foyfi tese @4 deerdv iardovmmeéinatg &€ owesriengc artsi

product .

5.3.Scope and focus of study

Experi ments were designed to investigate aes
t hat English Heritage conosri dehreeod oiangpearattaymtg c
system. This involdestrubéei veeaafl deshrnononi ve
scope of reesti ch@mndmwlbey si ze and the numbers re
viability andspeapetdo dneceif bl eiaggaeaval s accordin
funding. A brief rati otnsalies fiporrosvidlndgadmimb ece of
size was altered dependnngr oer destmbgt nNnvee ek

i nterval st lagddu Isdy shtee mesx ami ned.

5.4 Ferrous met al carrier for <coce
Anal ogues of assitameggantdabhebhbdboaesdi abotr apooge
were produced for the study. A preference fo
40 mm Bofors LAAthHEmglell sh fHem twaddedidbel | ecti o
unf easiThie was due to |l egal, sample preparat
cl assiafsi caa tcioommg araduryto noaft iantdher easmape not off
sur fCoded roll ed mild steel (DCO3 From BuyMet:

for producing the coating anal ogues., Most of
especially the externahipliadtceags,nsaevds .pd abdronm e
Al t hough a wide range of alloy,$haie poempesi:t
and prevalence will wvary from model to model

surface of many of 't he ooshijteicatns ,o ff utrhteh ecro nap o ne
these factors will not be possiblemtbdreplic
steel was selected as a more versatile alloy

assessment of coatings.



5.5 A ng environments

5. bAclc.el erdang di mgt he | aboratory

Accel eeantgedusagng el evated temperature and hi
insight into | ong ter msiemx paors uirrec roda sihmreg lcy awa
cl i rPactpeet,2®12.2 The experi mental design require.

intervals to assess the progressiasuocfatcmang

of eeangg i nteampl e number arepgodueidblte pravi dei
dataset, the size of the climaedct € hlaenbleal am
assess the pad amgeteaperimentheThAgs in turn in
coating systemsAsdadbsicyg@lt @ mbregviierbtteardgv.al s of

up to a maxi muans oselldctmochtds t he. fSamd!| es tgiuz
varied according to the test magtnteaddloo gy orveq

t he maxi mum number of unrlihtes tteanpfeirlalt utrree wa Itihn
chamber is s$et pyem@®@ACo -Fiemaiwi im | SO 12944
(1 SO -6290649), although it is designed for sh
includes short periods of fluctuatexgl| bdend di
s they would cause damage to the climate ch
to maintain the ernevdi rpoenrméondt ewftsatbil ineeth e G@0qAUG d i
not surpass the glassobtsymgietmso mntde mpenvatowrse
tests did not report anyAti I610 AeCf ftencet sh i dyuhee stto |
which the chamber can reliablyikowdbiys 70% R
compawi Me@f fi cei dahaghi enough t Alcasatacatal.r age ¢

2015; Santarini, 2007).

Using the Arrhenius equation as a rule of th
compared to r o hm,t esipreurieaguerdex i(nabt el y 20 year
mont hs of agei ng -HrFiretga,o n20 &1 )R.o dAd tgiuweat i on e
has been pl a<le2dd .bletkwle/emo |1 1(5Hong Ats dalhe 2002 3
case sfcocreaagpn ® dgchiededdeci si on was made to use

banks, promoting more aggresgi.ve photo degr a
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Figble Climate parameters {oroKBBi 2d8r cKBmaR2é0Ocht

5. 5l.Ri1.ta nag
Space is |l ess of -aitamggishngdiyacbot bot ht héei
of the supporting graacskip ewi ILlo gli isntaiistc altedcxyii dreudm t
data annuglelay @eein oa.3This ensured any seasa
occurrences of each of the 4 s edadoweLb"IdOdmpl e
of May eatTwoyeiares were identi-$ieeingg Heengo
the proportion of the collection they host,

secluded exposure areas close to the seaward

i mpact. This allows themorescl osebyomwinhblar edo
all owances for di fferences in the c¢climate va
Castl e, in Fal mout h, Cornwal | and Dover Cast
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SAgB ng environment discrepanci es
idceel erlatedcamgy be used as ane gigdporeosx i nnoatt i o n
owmddeect compar,dsentbounbhoongdabt g d@aingcr epa
rameters. Whil et abeéesamael g ardedu letfd oad sa b
r | ongewiwtgr, atcompadr atlilve asesbssmantei noo

ffeda agt pagameter s.

cel eeantgedhaassg a | arger UVsdagagehmnegpmpaei
ch of the visible | ight. dgWheaadteert hdee tsehroirdrea
er@aflboeteter appwoxdasade oar ifo,r itthewi | | not a
e accumul ative damage of the | arg-gi amount
virolnhmee nUV. within the <c¢l i maties iclhiagrbte ri si smoar

riable, making an exact comparison between

e increased temperatur esiigmudl socel ecpageddaea
vironments. Coastal environments in the UK
AcC. It i s possible that deterioration mech
cel e agedavi &4 not oca wrgtawsietr mamn he apdry sstdiame oa g
nsiderable rdlgriadadb@dpbegmeds 1®ROGgh air
mperature wil|l never reach close to 60AC,
mpey apanrtei cul arly i fThits icsoulnd dd awsd samd i)

re cl oseMhyats esdeaetne di neoagcel erated ag

| oride contamination is a definpogstfoeheé ur e
plwictattheinsc e |l @ atged The hei ghtened | evel of ¢
I teunggwill | ikely put morleayperre stsourper eovne ntth e
the substrate whenever a failure in the t
ygen to the scarfascieon Awi lal rleiskélt-¢o dataiveg a |

hesi on withui @xtoplee i iments.

virontnmemitlailt ys wi | | al so have aehgrgetiempad
nditions within thdensil smant thambghout maha
peril wmeamper i nmeenhbtjsecatr et o daily and seasonal
anges i n weat hperre cciopnidd attwvi opnosi nstusc,h aansd wi nd
e physical, chemical, and corrosi 8n6resist
tting and drying cycles have a | arge i mpac

Tt I 3S



despite the consistently hé gylghlksivted sc corfd ihtuima

wipdoduce a significantly higher | evel of co
Whil e unable to accurately replicate corrosi
invaluable tool for exasminnhngonhndetdonabi haty

| evedho,todc heam d atther ma.lThd egmad @atoidom s required

stability and suitability of the coating sys
ageing.
5.6.Coll ecting aenxapleyrtiinteanlt sdat a:

5. 6Nolestructive experiments
Dry film thickness (DFT)

DFT was used to measure the thickness of the
This was identified as an important factor t
and manuwflactume mtss wleil hk asoi ¢eating L oMgayi ty
coating systems for a C5M environamentnh are st
thickKeegpsl(, 2019b; Shé&awiatWoh!liamajr2682»1tay
pressure can cause variatietn2® ladncdo ahteinncge ti hmpc

t he consdosmpnexy mpbhnent s within, the artill ery

DFwill also allow for insight into the thinn
ag n@Qn a f err o bAe Psoush sTterca tog 6 Ou0sseiraNgSn3e tDRCT met e |
principles to measure the thickness of a dry

thickness ohf ar sg g $neeatnadl nlnimco substrates.
Colourimetry

Col our change is of particular concern to En
topcoat has on the appearancd hwdi ntherd am¢ect .
and it is desirable to avoid a patchy aesthe

duration before the change becomes noticeabl

Thkoni ca Minol ta S g dmdr aospuhroetismnedotwenr ufr@M ms , s pe
component includedmpdGlent ancdl spgeditth®&CE) . SC
reflective portions of the surface, reading

accurate representation dqfMitehe2@tllrlukeo ncioclaour a't



Mi nol t)a, SZB0&xcl udes certai numeof lad dtoiwn g op o rat
value which is more representativEeMiokt how an
al2011Konica NBodéolht are20@7 urned in values of
an L*a*b* cal cul ati on Ktiom,td2#® |210onni nfSet lothlkeea , ¢ 210 U
pp..3%ol qurr2Mi2mMéhr o ma Ca hadedhphe g teiavde Inyg,s ar e al so
coll ected, which owdllouwmrd |iomt drogi tcyoomsmeonu!l d it
CIE2000 was used as 1is it is currently the n
(Proskuriakov, 2021) .

E* values froemngammltes vafltserwidd be subtract e
counterparts toqk*.t effhmisnei sa tvhad usehmnfdotri mtne cwa |
where a clhfa™mgies odorsi5dered to Beenbpnédiceab0 @
While this is true in the anajhooruigthy doiff freerg unlga
s

may lightly alter the thresholds at which n

Gl oss readings

Il n tandem wi afhhoccpdiBrutgllo@t o ¢ e agtlecsus emeas sess
the perceived change in costbher chmagfei minsipi ga
colour and the change in perceived colour, b

per cei v eArs cghansgse .| asvied rsi fciama rmtaviempact on t he
systiemcan help to determine the dé&Mdrnee t o wt
al20)1Gl oss readings are primarily taken in th
the readingssar@0Aecgloed. 6GAp armsbdegtess 85/
results from high gl osssbeunfeaceax,suwhisl d ogl anx
surfacespr GlUtoldes slB0sAt versatile readings, ret
gl oss Ooati mgs n@MBLGledadi ngs were used to dete
change in the surface texture whfebtcwut tdi bhe
coating OOIls unesatsruatees. t he c | arsiutryf accfe,a wiefhl elc

bein a perfect reflectiremstudind Dshab¥vfagtaed n

(@]

the glossiness of the surfacesbottalbe seffa

Unli ke withtbotereui scmhangea value in gloss 604
surface glosbebsecombpetopdeatt, 206 0ss can be

expressed and per cesiuvaesd sipne cat rvaalr ireetfyl eocft iwoany,s



i mage, and clarity of reflection, each havin
angle of Ilight, the mat2@xldé)l., and surface te

Fourier transform infrared (FTIR) spectrosco

FTIL, RusRergkian EI| merR Fsrpoencttiseormmee@ rt o assess cha
chemical bonds imnhe( to@diBidtt sTdameRBGARLD

Spectra are generated byrmntahgshomgdgs habshraamig
energy (Petit & Puskuad t200 1c8h)ar axhtidrei stehitsh ec a
mat eDiifafler ent bonds may have I|I,RhacHiemabi ons
over |l apping peaks makPegi it n&e)P.psllenitaetri @roelt8lai tfif.
the spectra wild.@ be used to-ldekenmgi, n@oil art b g
scissiom ag,r ithag eagxt abl i soht haa npgoes siinb Iteh ec onreraesl uar
properti edh 7(;GCeaMiikRi®dih 4 ;1 eTtad@I2R Tcodale®BAAS hi ,

attenuated tot al refl emettahnocde a(bATeR)t ovalse tihxe b

the spectra wild.@ be |Iimited to only detect ¢
El ectrochemistry | mpedance Spectroscopy (EIS

EI,S usRAARIASASTAT 3000 single chanselbs®dteaotpoeyv

kinetic and mechanistic data of a range of e

st uidty, was empl oyed to assess the ability of
el ectrical current toGamz&lseurdfaB@OdHIQ@.7 WS ch it I
corrosion is an dlhecsct canhdmri usledpntnocassess ¢

t he sAlsttreaorugh® mpet i mediosnge mgageri ods i n whic
sampl es ar e edeaed Gwil tyldien gtnlde Bouwman, 2005), t
feasible in this instance. The rmpg iimatreyr vcaoln cve
affect the resubst st hoef B.hle. .ulrle souflft st ewer e no:
destruatlilve atmpdtes were required for eeddi tior
was not. pAodsdsiitbiloenal 'y, only one cell body wa:
be required daomgagetarwhdodl e Thgs Imaged that tF
together within the same vessel, as wel | as

affecting more t hTahne jduisftf etrheen tt essatmpnlge sz oanned. 0 |

samples will affect the (FRisgu.nteTIHh.ey)owid |j uaslts
| arger numbepodofentesmtdiliygcoimpe®» mi sing a | arge
resédltbdough HerRissrustavmeomest it does require



cleared of coating to allow it to be used as

next hdereadhdol e, as the presence of this hole he
testing in this |l ocation and ensured that th
not interfere with subsequent tests.

Oxygen consumption

Oxygen consumpfiRiroans em-& s ®HMHNG@X Y2 S B A N smoerass,ur e

the rate at whsiecdl ermbcyt g eom wietstsied d@ s consumed
vessel. By wusing a control group containing
inert sample, an approximation of the rate a
can be chlsubaygdn dTan be assumed to be wused
reactions withis® t eMattgtthaile.s(edndpueaZ @ lo3nys fr om t
experi mentathe aetupmnesisure within the vesse
by employing Wbedy de2a(0llhg ass olfdvwer(s i nsight i nt
coatings to protect the substraared fplbont @an ex
degradation, to determine if this wildl have

systems.

5. 6De2s.t ructive experiments
Pull off testing

Pul I pf tohds thoesdt iwhetshtd la&ts jf oonc utse sotnerd e-t er mi ni r
coating adhesion between | ayers and to the s
the weakest potht swcahi pravsgsetemsight into

system occuwfer €homateaatrliosnk ahdedélodiniamdeinon
coating system and how much of the systeml ma
all ow foomoowmmémanges i raf fod dhteirnd atch-e@oesh eamge |

cohesi on aon dt haed hsewsh sotnr at e .
| mpact testing

| mpact, twibttiPoat 301 ,utmpkaicaltleisn g mwrepiagchtt a
hammer to transfsirnklienehdeaatdfimatmced ishihref ace. T
resi of amc sy sé x@tmeprancatl sfnodr aclcbmnmteentst rengt h and
brittleness of the systems.



| mpact rnes$i paancewlteahr piod tyaurrees thsa nteh esy sa reansk n
articularly vul nwertd@abrnaggThiosembratkéegmeaat ur e

f the systems, as the objects are placed in

ubject to more handling and ta igsr eaant el rmpdoergtrae

operty for the |vovegeai $smabf bheakfyshemheas

-

p
0
environment or vi siptagrnts ciud alril geltyhotse wewceuwr ir
s
p
I

ocalised cor rsesei cEk.¢githoihepasmsagesquangti fy th
force requi redatipr gitalmes gree tththeed s b mgwhat det ach
how force and pressure may be applied in the
comparative measure of resistance to direct



Summary of samples and investigative technigqg

Experi menl100xmnd 50xndn® 40 xmn® | nf or mati on
Mas s Vv Vv Vv l denti ficat.i

consumpti on

Di mensi onV V V l denti ficati

consumpti on

Col our TeV \% X Col our, chasgl
stability
Dry Film|V \% X I SO 12944 <co

Thicknes

n

thinning wit

Gl oss regV \Y X Aesthetic ch
the coatings
FTI R Vv \% X Chemical <cha
topcoat s
Pull off |V X X |l nc®erati ng ad
adhesion to
El S Vv \% X Antiorrosi on
(El ectrod of the syste

| mpedance

Spectrosd

Oxygen X X \% Quanti fying
consumpt i corrosion
|l mpact tgX Vv X Embritpobiwngr

coatings

Tabsl3e Data recorded, sample size and genetic co

5.7.Structure of the experiment

As predevadihlped,xperi ments ar e nsgplciotndiinttioo ntswc

accel ecaa agadsndtgee $6tDwen to the varying size

requoxygen consumption and i mpact testing wi
wi || not haweidrgersglsmgbmt 6. 8) her experi men
for a direct c¢cesmgadi aocooebreg awseegdulatys, al |l owi n
on | ongevity of the system andThel Becabhtl ngy



systwemse seliegant Edgt bs h BrHeq u itreegmdsnpgrsgperti es d

desi Alatoh®@ugh si mil,amhei expgempoent $ owi | I all ow
stability and suitability Thors Ilwondg taddmwuder
identification of properties which make the
coll ection, as well as to identify propertie
simil arThea og xmrxdrsi.me nttsh rperei nareialsy otfartgheet coat i
aesthetic stability, physical resistance, an



6 Met hod

6. 1.Samplreparati on
Colrdl l ed mild steeff @r &dfer &uDYDN extlall 00O gnknwm s . c o
t hseubstusad ettohere@adtei ng anal og,udéecelubsdynygwear e
gui | ITatbilpe @b di n | aaypep | iodd otid prevewtspr ematu
removed wiptalp elrlpuad edelplar i ngu gihreg sairTfeaxcaes | nst
Modeil AJ r '&barcahsiinoen pri med with gmiadrécor8) al umi
matfa 2t dndafr 80 a8944. dihclsepmometcal surface,
from corrokdonda@onodi.r Re&GE7 dual aluminium oxi
with a soft bristled brush and the samples w

silica gel produci ng3@nRHNternnal environment
Sampl e size Number per cf{(Tot al
system
100X100mm 60 300
50X50mm 30 150
40X40mm 10 50

Tab6llle Number of samples per coating system

The daoaatei ngs employed inntaeccoadisiye dvatr er appo
previously carried out tendered conservation
artillery collection. This ensured practitio
uti i
t hat

ed to standardiseythétapplsiocaeipdbmncme ek
as been used in the pashotahneds e sk e a tkienl gy

al |t

s
h

adopted by English Heritamwme.i nA dpiianeatrerdriin It |
he samples, from which they were suspen
n

wer e ot affected by being in contact with a

The coatings were applied witdprar eairreds pnred yh,c
treatmenpacHKhsey swems apgl8Wlwe S&N2apml, i ed with a
spray, with a 1.8mm nozzle from a Binks Pres
with a gravity fed pot, with a B.E.N. patent
coatings were ag¢pmpyimeg,tifmés oweaoagmméerded by m
techni calApdadtiacsahteeotns pr ot acekr sf espbkecwédcmanohn:
film thickness goal femr each of the systems



When returned hteo stahnep |l easb owearteo ey petdeamip dag nt o
i nt e Bavnapl I seiss ifagrng were split into three groucg
woul d be pl akede lade aatgecd aapgpt es wer e spl it int
Each group wae ngl docatednanhragm 3 to 15 mont h

ret ationtebtde unaged sample for the destructive

6. 2.A@®@ npgar ameters
6. 2Aclc.el eredangd ag

Accel eeantge de xgpger i ments were carried out i n 1t
with set parameters of 60AC, and 70% RH. 709
chambers can hold (Biré@dne ong period of ti me

The chambers wutilised | ight banks, consistin
tubes. Each chambers holds space for 2 banks
found t o UMWAstalnyd elpvhBt , after being assessed w
500A spect rThhpeh atvemetgeer .out put was measured tc
MWih?of UV( Fi ghtSee&.tT)al range only extending

Spectral Irradiance

|A) Spectral Irradiance vs. Wavelength @ 1m distance

25
T 22 P UVA = 45,0 pyW/em?
£ 20
§ . ]
g . \ Wavelength range acc. to CIE
2 .. \ UVA : 315 - 400 nm
g \ UVB: 280 - 315 nm
'g 1.0
% of ] Lamp parameter:
g o8 7 Voltage 57V

02 ft c 0,370 A
& 4 ] urrent x

00 =1 I Power 193 W

250 260 270 280 260 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450
Wavelength [nm]
I B) UV Action Curve vs. Wavelength |
Proposal of the British Commitiee 10 amend EN 80335-2-59 :1997: Insect killers
1

g 09 7 Acc. to EN 60335-2-59 : 1997

g os + AN CLC/TC61(GB)579

2. N

§ 0.6 A N

5 05 / X Total Effective Irradiance @ 1m distance

g 0.4 4 \ Max. 1 mW/m?

o 03

2 o2

g \

g 0.1 \

o
250 260 270 280 290 300 310 320 330 340 350 360 370 380 30 400
Wavelength [nm]

Fi g6l e DistribfutomnSylfvanigdatBL Quraonnt uma m30lf 2a c2t OuwW et
dat asheet



6. 2l./2i.t@& nagg

The samples were placed into plastic 6Ub6 sha
which were themselves held i ns@h@lces oat aa m&Q@
angle to(tFhguver t6i. 2al
- - 'y
' e 77

-
A

<~

.-'\':.Fig&ZeSampIm'ésdIaced ont oiwaihteur ack before
AtDover ,iIChstda&mpl es were placed in an exposed
Lookout , f-Baf fhigg Broayder3e) at a rb Oe ladnvhd@ tii nolna nodf

from the coastMeitn eo fffa ccielg wiploer It sse & o worm we at her
show an av&fagehobohe hou36sd amp seyewiretahramdr & 2t han

mm of (&rofmabDm above mean sea | eveld®l0)averag



Fi g3 e Samples onsiatwtkBov el aCagdt | e

The sample rack at PeastenondBbCmtsurdye d¢uarc ean slo
16n® i nl and from t he fs(eFa,guateTan id@lsevaghon ohe
amount of shelter from a roweddf ficeesegcworidhb
Cul drose station ne@®Bbyntepgpbtt hanoravsar ggarof
with momem bhatahhthabhbBB8Vveveeda averaged from
1980 109w vegetation growing near the sampl es
aftaegelae naggt eprrvoavii,di ng shelter but holding m
sampBysthe end of the third yeiagrlot weeds aonme
even t he hiTghhiessotn ssi edheprheeds n tt dwregp s @It t 1 .g



6. 3.Experi ment al met hod

6. 3Anhl ysis sites

Where appl i carbdseulamsdl Weraesd b I fer,om st andar di se
surface of the samples to support reproducib
, L, e, 1rv, Vv
drilled at the coating stage of the sampl es.

6 )Bnalpysirsts were | abelled I



FigéexelLocation of testing sites on sam

6. 3Dr. Itmi ckness (DFT)

A Posi Tector 600 scANS315@ATOsE B d vnPR (Mle Fel sk o,
202rlecorded dry film thickness at the five s
cali brated by placing the sensor on the cl ea
air abrasive standard and madet eo.f Qnhcee saa nee an
was attained thien.wadademaenglodyevhsdnt hea d®h of
testing sites in turn, held in place until a
site. This was done wuntil three readings wer
and back. The meter5waamplkesa) i boraeedr gpveb0o r
were taken from all samples 100x100mm and 50

6. 3Co3l.our irenedirngs

Col our readings were taken wit# OdDdKomwidaear Min
MAY 3 mm aperture. Due tdhetlse asnidad ddfoet¥h eveigres
used for samples 100x100mm, and at the centr
Cali bration of t heotsgleidn g oa hwhidaineemteenasduirnegme n t
taken more than a metre away from any surfac
within the cap of the devitce. t hke Spectadophyc
consecuti vaelweamdgyer,etrieradi ngs are taken for L
gual ity of D65. Once a reading hasmobveeedn ttoa k e

another site and the process is repeated, un



of the Them@mlpesture was | ined up in each corr
colourimeter up with the sides of the sampl e
The col ouri meteewEebriyssa mpelceasl,i borrat5e0Od readi ngs. T
from a sample ebpgotrte ahdowfter agmore direct
original istamplkds afpeétahmeancttange i s the most i

taken eafigearagcomparedrtec uttiesi &f ngQar rpeg £p @argd i n

6. LAdbss readings met hod

Gl oss readings wereStgkess wi ¢adar RhdDlpei ot all C
all ows for gloss readings to be carried out
cannot be done at the standardadr dss Vt Heocadn

the samples, in a 6+6 shape. A bracket provi
gl oss meter, to ensure consistency on the te
each axis, and on .Pedagh$ rswedrees toafk etnh ea ts a6nPpA eass

resdhesgloss reader was recal i BGrasedr eacdiryg

returned in a measure of Gloss Units (GU), w

6. 3FoSu.ri er trangégFMORgmechfosacepdy me
FIIT R spectroscopy was caroneddao shewittriometRrRer, |

uni versal ATR attachment. The spectrometer f
6&econds, with the sensor crystal uncovered,
was then placed on the crystal, and Itthewas m
visually inspected for aclgoard dpedtarciemwi ikt €

for a periegd adf |6eCasstectohmrdee spectra were tak:
selected to bspasedutmaciprodutcleeafi Tdhisites,
was done due to the uneven surface on some o0
suffconewtt hel eceawgisntdgsi bl e gap betayepawr athes s a
The spectr abeteweemawdweeleelngt hs 4000 to 400 n

6. 3EI6e.ct r oc he mi gpael c tlrnopsec8oapnyc e( E

E.I.S. was carried out with a PARASTAT 3000
(Compliance and polarization), 1 A, 7 MHz on
sample groups. A corner, cltobsee sftr eteo ftrhoem dtrhiel
system to be used as a sample electrode. A ¢

held watertight with a clamp and rubber gask



filled with artificial sea water. The cl amp
rubbergfaehite el ectrode and a saturated cal c
rubber stop, which seals the top of the cell
potenti ostat BRanrda dpalya cceadg emwo twiitnlo ad S malolne si d
for the accdasmsaddy witages .i Shal so attached to
background noise. Al1l00e@®@0@OnNnHY,, s aw e ph0 bad tisncédehn 1
0. O0OW¥d$sused to assess the resistance of the
pl ots. These measurements were uséepreoveaxpl o

the transmission of current to the surface o

For sat utrhaet esda nipelsetss wer e placed in a glass ¢
sticks. The vessel was then filled with the
to cover the centre of the sampl e wWhedarhe t he
dri || hole. These samples are |l eft for 72 ho
in the same maniddédi sasvact el ysammleesvi th one s
agng intervals, due to concpuhb ohhattest wpat

isidgeong sample wasagtegtewdviiroemment .

6 . 3P u7l.l of f tests

Pull off tests were performed on the 100 x10
Posti Resatdhats i( N . 2eid6dtrh 20 mm di ameter all oy
surface was roughened with wire wool and the
paper to improve the dol | y/ sPampsk's] awahse suisoend.
to adhere the dollies to the sample surface,
adhesion between the sample and dolly. AIl f
samples then a met al pl at ehevedaglhli ings 650mge vais

cl oshee tecooat i ng surface for 1 hour, whiitthe & he

serratedscstoteed ®khdgecoating around each dolly
Posi Tester was attached and its force incren
the surface. The force required to pull the
sgytem where detachment (failurerdedcowut hed Wwe
denoting the | ayer or intenfmgde ilrtwlirch etflee
failure within a |l ayer, while two | etters re



Letter Failure point

AT B Failure between t heg

B Failure within the

Bi C Failure betwedmayprnri

C Fail ure witalyiem t he

CiD Failure bet@wgen fahge

D Failure within the
Tabtl2ze Possible failure points within the

The area of surface removed by the dolly is

the surface coating musrtesbuel tbet amhed. oheshbet

value is recorded as a failure of t he adhesi

6. 3.NMBp.act testing

A DuPont 301 impaichcheismepact ubammgea 4hnd6300g
test hardness on the 50x50mm samples. The te
hammer on the surface of the sampkeqbetfede r
for the experiment and |l etting it fall onto
was inspected using microscopy to determine
tests were carried out @emcdoadh nga mwplsd edil i e sft
to cali brate the impact test for that coatin
before releasing it, with subsequent tests o
bybh. When 15 tests have been completed, the
the height of the hammer that produced the f
then used as the initial test vtahleue nfiotri atlh et
valfuescm abovefiibem bhedow it. 4 of 5 of the te

coating for the height to be considered succ

The initial testing site for the next sampl e
unt il a value where the initial and higher t
heiigd tsnuoctc @ ssefaglhedt abl i shi nwhitchhe fdroomewsce sh ed myc
force to compromise the coating

6. 3x9%.gen consumption testing
Oxygen consumpbronetesus wWelr gbabrastt Masone Bs el

containing 200g of silica gel, conditioned t



sample resting on a plastic weight boat. One
101 (No.5AcCc, N1.5% RH), datalogger, submerge
spot is attached to the iIinsidéeaat 8Bhd véasseél
vessel is closed to the exterior environment
climate chamber at 2WA€kfexpehemdotatlLoghof.i
spot t hgloawvgsh!| t beht m&eghrae optic cable connect
1 SMA o4 SONA ( Badt. 4240..6890% 0G4 O0 ) THheOsensor Spo
absorbs the Iight and enters an excited stat
energy, with some being exchanged to surroun
t hasval ue of the oxygen concentration within

throughout testing periods.

For the first week the jars were all owed to
the silica gel within the jar. For the remai
These were done in 60 second wuotesvahscsefofr tl
sensor spot, which varies in accordamce with

samples of each coating system wereostudisd.
For each coating system, 5 glass slides were
determine whether the coating system consume
then be all owed for in data collection and c

Oxygen consumptiPoeSeepslu GIWVA far@mNAXWer e r et urn
as a measurement of gas pressure within the
required to convert this into an approxi mat.
can be used to interlriomgeas et hahoeg g aidltee raggg Iw.hi c h
el imination sehabt kerwumiaclyabpetodm all ows for

to consume the highest quialnittiattye otfh eo xnyogsetn caon

The first stage was to determine theaamoont

vessellhi s i s determined by calculating the ai
within the jar. This included the sample, th
and data |l oggers i f included.00Tgheofi nstidrincaal gst
conditioned to 70% RH was placed into each o

149. 4g, meaning thato 5cO0o.n6dgi toifonwattheer aiisr .r eSlid a
of 2.%vhghcmr yet(2d0Nle,i Ipp. 1523) was ca&lcul ated
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intraub, 2002). The weéelhgdttheatsathatoggeo
ume o0 B&@f 8remsamples were added the rema
cul ated 3%wd thheout3 . AR tamwggdr a amd al®IgeI

i deal gas | aw was then employed to conve
gen preserfEquadpdyg, 2013)

0w &'Y"Y 21
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e P is pressured(im Pa)th¥ insambelumé (iomh
ersal gas cdiopstantt gBp Sriddthdr enoiln kel vin

me in this case is the air space remaini

c <
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ranged [Etqou asj.lomne f or n

e — 25

t aki nagv e aagse tchheange i n presgui,ehecwmats a
sumed per day is calculated. 1 mol of oxy
tiplying n by 32 provides the masengf oxy

erval

mitigate interference from other componen
tem t,pemsel skebdes coated with the systems
sumption rate calcul atefd.s urhfiscaevasr d deno a
t ems. By multiplying this value by each n
raadicrmagns be cal cul ated how much of the o0
the coating systems, or other factors wit
then divided by the surfacetaeeguahnhtihgeg

Xygen abosfornbeetdalpewi tchmn the samples. Thi .

c O o

nt ofhieygewmulw be consumed over the cour

sumprieommedcmhaetey.

n the systems weirte wapplncetd gows gil lalses tsd | dee
ckness with the Bammel snigdhhiol32dusl d hree smeeltta |
ting, consuming a | arger amount of oxygen

ss slides via brush, as a hole could not

sprAsy a result brush strokes could have | eft



increase the surface arenawoetatit hebeomensgred.
|l i kely that the proportions of the two compo
exactly identical quanti tonelse phogdr tcioamd da ma
of t he Payegtt,2é@k4 ) . Due to ,thesexdygsenrepasuomps
should be taken as a comparative result betw
calcul ation for the amount of oxggeinnghich i

interval s.



7. Results and di scussi c

7. Mi sappearance

After remgeahgfrommensampl es were phatograph
change. Al though many experiments were empl o
inspection was stil!/l i mpepraaperl ¥ ofi ctoearf p ment t
results dematnhsveate desi.r eluepetrof otrhmea nlcaer gcer int

samples a repheasemhasewvef csmampl @esent ati on.

The i mages weNekbobak®B 6 &DBrboamteoalaori nScaope D50.

7. 1lU.nli.ti al appearance
System Description
Sherwin W Il Iliams |[Duri ng,gcionagteirnigng was

applicationfhbpé hhas D
slightly wuneven surf
present on the surfa

have occurred on r ai
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All of the systems showed instances of poor
where wmubBedwifoe suspension interfered with coc

with resultswaesnemeasabeeaméniosn this point.

All the systems suffered from minor damage,
back to the | aboratory. Cromadéxmeappendlied t o
|l oosely adhered to one another in their tran
solvent based alkyd system and solvent reten

the other four coatings were reaction systen

7. 1Ac2.el eredangd ag

Vi sual i nspection did notagdeestaaptl ecsarr osi on o0
Hempel had blisters on talgeianwrefraad sof( Fmamuy es
7. 4) . | t t ihceo mhbikred tyi arhaaf t he hiprho dtebmgpser at ur

out cbumee otos fmeat resistance of the system and
(Kakeate2®dl1Bypansi mpt af whhiesttroattedhe temperature
i nf | diaednhceesi on of the coati Bsagbsaealjluiewtterrgi fgri s
coating. This appears to be a problem uniqgue
to the application method. This codlad/ebe  att
as this can provide g@wveatebubbpaamgd wideke atbiegkh t
temperatuee2d(1RBgkacei ,

Cromadex wassnadnlbj ehegtteobs of f adinmgg thhunod dh
only visually noticeable when inspecting the
were seen where t he hslaeep lwe & hwenr & hree <tl ii Mg t @n ¢
made 1t apparent how much colour chanigeudbglhd

may affect s@(babbeerdtob6yjesults

Sherwin W lliams 1, 2, and I nternational al |
degree of colour change could be made out wh

i mmedi ately apparent i n most |lighting condit
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6 mont hs 9 mont_hs

12 mont hs

Tab72e S
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3 mont hs 6 mont hs
12 mont hs 15 mont hs
Tab73e Sher win -Mb | ho ratmimsn,2 hat3 n3t er v al
bt I 3

S

S



3 months 6 mont hs 9 mont hs

T a b7l4e He mp &1 mo B tnhosn,t hati n3t er val s

3 mont hs 6 mont hs 9 mont hs

Tab7l5e | nterdA&t imomanhasn,t3hati n3t er val s



3 mont hs 6 mont hs 9 mont hs

15 mont hs

EZ 54 =

Tab7l6e Cr oma8exp n8Bnhosn,t hati n3t er val s

7. 1.Mi.tu ageing

Cromaderehaf etaleest wiissiytalappbkangaeaget opabee ,mor e
and with a | argenambensuof a(cTearbo bes t7b. 8l 1s)a mpllhe
was focused on the edges of the samples, and
extent of the onrer yeekmohi bcedrthag &t omadex i

an aggressive coast al environment .

The polyurethane systems showed greater resi
around,acnodr ntehres.@arirl d sihod edi d not appear to be
ei tihgeirgidtoer any of Theresywaemso evidence of f
pitting, or wider expanses of corrosion comp
pri marriss t(cefto2®d23;i ,Baygt.i sta, 1995

Il nternational showed the | east noticeabl e <c¢h
7.10), whereas Sherwin W lliams 2 showed t he
to appear pale aingi.tciadli lsy wafst eot2 cyeelan® be s
Dov@asith ecompari s dCmsttdSlPemnwdiemaniWsd | 1 eansr ded a
degree of fading and chal king, @Talloagh. T). a



Hempel exhibited fadirrergs owtilibdgle ommpged walllsy ( Tatk
7.9) but did not demonstrate the bliget @gi ng
resdhis. is |Iikely due to the fact that there
temperatures i n compnagr.i son to accelerated ag
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7. Dry Film thickness (DFT)
7. 20.nli.DF &l

Unaged DFT readings were taken fromnahe samp
range of results are reported in Figure 7. 1.
manufacturers recommendations and the indust
thickness of 320nm to be suitableiliompelf{, C5M
2019b; Sherwi)n. Wrhe itaarsget20t2Hi ckness is i mpo
systems of the same ca atsisn g garees shé&teo pméevn tF eod
outside of the upper or | ower | imits are out

away from the mean.

M Sherwin Williams 1@ Sherwin Williams 2] Hempel [ International [l Cromadex

400
° o
350
. BB
300 H 0
£ ° 0
- 1 ===
-+
2 200 —
3 — —
|E 150 §
-
100 8

. —

Figidre Unaged dry fil m t hi cTkhnee sbso xreess ud etnso nosft raa tl e
| ower quartiles of resul t s, the centr al | i ne de
mean. The | ines outside of the box show the hi

outlier iasvaéfuien®dsaandard deviations awa:

During the eappltieadnaccwhdnng t.momaysft a&aet ur e
consistently reached an average thickness of
their performance r @&legtoirvte dt ce xtpheec t ma n wfnasc tou r
corrosion weshsnsahec2&hess typicaveéyvyaogallyeval
sul phur oxidandr bkedmwwslad,| i 201 9H; Shelawdar Wi | |

20D0 However, when consi der i hg kreehpgrsees e retsautl it vse
applicateisornwiprhacnt it he sector apdlduegdmagd@ace hi
treatment. This suggests t htahte andudmbdteimonreanld eao a

by the manufacturer to reach the required mi
measure should be i mplemented I maoufthettuerds

mam 3 S



instructions, Il nternational produced the thi
Hempel more comparable to one another (Figur
predictability proved to be an issaetifbe I nt
range and the highest standard deviation (Ap
| arge inconsistencies, despite having the | o
single pack Cromadex system 7prlo;d uvAcpepde ntdh ex tlh)i.
system is generally recommended for wuse in a

may contribute to twdimaondbaatrgeersa gadDdel en

Thi ckness foll owed a predictsylslt(eFmpsaurterh. D),

consistently showing an.uiMévenreraSiumiesnehe@ciso$ €
coatasepgi wker than at sBt eAspplelndilxV 1layn.d Mo r(eFo vg
di fference was seen between the fronhtatansd tteh
Il was thicker on the front face, AppdndVx wa}k
This may be explained by theamaplpes cwen @ nh unred
strwhmigch washrpoausgshed he dril l ed hole. This pos
shape with site Il on the right and when coa
coating theveeveonsat Waasrcdaeas itdhee rrecgehitved a t
comparison to the point on the left. This |
force &rromptrhaey rotating the samples during
surface was coated, consistently allowing a

surface. This could be achieved with a | eft

side away, bmhamdinigde hmamrgigmal | yedl|l ¢ h-er riYhe
hand side of travel, the spray area wil/| be

the sampl e, delivering a slightly thicker <co

(@p])

MAaw | 3
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Dry Film Thickness(pum)
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7. 2Ac2.el erdangdDRDG resul ts

During acceleratedgeing International and both the Sherwin Williams systems maintained
relatively consistenthickness (Figures 7.5; 7.6; 7.8). The fourth two pack system, Hempel,
increased in thickness after only 3 months and this trend contimtiéthe 15 months

interval with many outliers, particularly in the 15 months group (Figure 7.7). Blistering,
cracks, and delamination were seen across the surface of some samples (Figure 7.4). This
could explain the outliers, but results taken from pointchviaiere not noticeably affead

had also increased in thickness. Cromadex showed a slight decrease in the thickness which,
considered as a percentage of the initial thickness, represented a significant reditbtion

only the highest results reaching tbéthe unaged megrigure 7.9).This could be

explained by increased off gassing of the coatings due to the high temperatures, resulting in a
contraction of the system.

While an increase in thickness within Hempel was recorded at 9 months, this has been

attributed to a greater degree of blistering being located around the testihgns

Figui4d e Examples of surface blisterinageaoagoss a

(@p])

Mam 3



Film Thicknessi(m)
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— M C 15 months
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0
FigduxeDry film thieakbnemntdfs GQrtomMadmoxntths i ni
2l./8i.tu DFT resul ts
ontrast t oagdéeieasgiclcees tempgeld system showed a
abil iitsyi tduuraedmegr mg ng i n a manner similar to
i gurier’s 1B, 1 Aplpenan xatdi)onal rPeesnud eCrersifdr e m 2 vy
owed a higher mean than the unagé¥d samples
artile of the unaged sainplleises awidi fai fli caaemrto
gree of wvariation. Sherwin Wi ' iams 1 r ema
r the duration (Figure 7.10; mhmame mdadyiful 3) .

angethickness,

mai ned within the unaged

l atively

|l itabei ngangel sh¢(bBugbhrehé. 14;

Gagitpil e se afsreadm iho vtehri c k nes s

i nterquartile

w»
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Caegittl remained cl|l o$ é&r o gtaose tiutn adgi@dd s, darleiaPieinld e n r
the third year when tRguartainl erofpptehlet ondgd o
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7. 2DHMT. results summary and compar.i
Sherwin W IlIliams 1, 2, and I nternational al |

afiwidmnud accaegleeernpghede was no evidence to sug

change in thickness fragm.iinmgi ti al coating to
Hempel was the only two pack system to show
ageanigsintasul t s. No bl isteriimg,touhot hwas ut fi @ e
increase in the thickness of the system (App
concluded that the blisters and increased th
and/ or the UV | evel s xwiatnhsiinont hoef ctlhiemanteet aclh aam

influenced the adhesiom wds tshwes pedtyintelre stys the
temperature used in the experiment (60AC) sh
transition temperature of teatsygstEme SO0 2

Mt | 3 S



experiment also incorporated a temperature o

accelagarnteglorted in this thesis ran for much
conditions. Since bImsnh&heinmg@rdcailrsr endb t wiktntoiwn
what point through this interval the cumul at

chastgope occur. As UV exposurediayg $IS®O0-62DA44 i s

2018) it is |likely it was reached between 3
While 60AC ambient temperature is not possib
temperature of a met al gun i n extreme summer
Considering this iinsidtauctad X to,n sa rntaiyl Ilbesr yp | vaicteHdi
6sun trap6, where added heat generating fact
the heat | evels. Hemge malge oddtea famomnad gdlter

in these

Cromadex

situaaf oeee a0 doif f telslgeaso W Ythd ms .

was the only other caastiigmg whi ch sh

accelagaiteglul t s. I't displayed a daegeajiemge i n

whi ch was

expl ained

much greatesithharxtpeat meaers. ddThii 9

by the higher temperature in the ¢

As a singl,€Crpaakesysuems through off gassing

hi gher temperature could causdé |hagds noft rfedid

evaporated. This would explain the initial d

theemadaoansi stent for the Wkmhentbrsomayhbeea

mechani sm which would occugi tgu, eint acdm nglegso p

a mechanism which is only present due to the

7. X ol our Change

7. 3Aclc.e| argetiemtyy f acing side of sai
Throughoutapeakeld etrrad esddampl es, except for Cro

when wusing SCI or SCE readings, although SCE

(Figures

7.15 to 7.19; Appendix Aryfeadt drarger

ot her than the change in colour contributing

attributed to change i n surface finish and t

SCE although there was no charde eadf dadirontghei 9,1

occurred

showed a

within the ddgeaisn®C3 mndndt moto ff odd weM «

more gradual increase in change, al

mapt 3 S



this, exhibiting more change than the 15 mon
ot her than col our was having a | arger i mpact

colouration itself.

Using the threshb* dc waad gee ldc dmiSndg operacepti b
(Mi et @@dll1lPretyelll, 2008k eampleds showed a chan
which would be observabl e to tahgeeimagkad  adye b
(Figures 7.15 to 7.19; Appendnky 4elsehnopwe dc cant r
noti ceabl e c(olladdre drihféafdradreceand degree of <col
samples began to -ded-mbhehbebhweenalt be agart f
Should these trends continue, it may result
change in otehatisosnstems lag epya gtHedahperl d sdfo wehde t
| argest change i n S€&akawdr &SICIE, a @ antpH g/tiinag < theb
fastness. Cromadex sdamogve,d budte tstkeico mi@diwariged t
monadei nger val

Compar ifngr daltla rtehveedasies remer f or mance did not
in both SCI and SCE. Sherwin W lliams 2 exhi
3. 87t armonthshdowded strong col gioroff Qe bhyetstse i n S
same ti,mehdwiamgpe t he secondisgnualel ers. tl 6¢c o [Apyre na
SCE vabwoetshkdeersurface texture and dfi nilsdhset hi

faconor eol dSihre ranhinf tWielt laii ammsd T he small est shi f-
results (Q@F6QYuaTedbleA@®Mp.plnddi x 4) . This overall
gradual enough that it is |Iikely noTabhage w
7 .1D1. I nternat sencaemdbhewedovVvhe@alaB tshitoiufgth iin G

exceeded the visibl(egitghurr®s ¢svpilliBe)atf hies 6t Mamo W
change in SCI thamsb ccaymsd @rso Ma teEWiglulr e 7. 1 8 ;
Appendix 4). This means perceived change 1is

factors such as surface finish and textur e,

This comparison creates an interesting dilen
t he Lbiegshtt. c o nafiftehcetn p ewicleli ved clhaadiendg nt @a ppelat
change being mormeobi cléne lsdsreiignmptaecrt fluilg hotr condi f
exterior asmmailrl cenimecndaond gaur  wi | | be | ess notic

closel yltomay hlee .t he ageengbavalwsthhboaoabange

mawt I 3S



more consistent and ongoing, while the influ
peak earalgiegprngicrestshe much as | i ke what happenc
(Tabhll2e) 7Some systems already show results su
enough so as to not be noticeabl e ewhgen compa

interval

1.8
1.6

1.4

1.2 © H sw1 3 months
B swW1 6 months
H sw1 9 months

0-8 - B swW1 12 months
? B S 15 months
0.4

i
0.2 I

3 T H swW1 3 months

> 5 B swW1 6 months
H swW1 9 months
2 hd B swW1 12 months
1.5 B sw1 15 months
1
0.5 I

Figar®e SCI and SCE col our c hlabh gneo rfiolw s tSdnte ir 3wt e r Wa |

over time both values show a mean in

SCIAE

SCEAE

w»
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0.8 H sWwW2 2 months
B sw2 6 months

0.6 H swW2 9 months
B sw2 12 months

o
4.5
4
3.5
3 s I sw2 3 months
W 25 B swW2 6 months
] H swW2 9 months
2 B sw2 12 months
1.5 e B sw2 15 months
1 +
0.5 -
o
Figare SCI and SCE col our ¢ hlab gneo rifiolw s tSdnte ir 3wt e r Wa |
over time both values show a mean in
3
2.5 -
2 Il H 3 months
B H 6 months
§ 1.5 Hl H 9 months
T H H 12 months
1 + B H 15 months
0.5 + °
o}
6
5
4 H H 3 months
- ° H H 6 months
E 3 Hl H 9 months
B H 12 months
2 B H 15 months
1
o}

Figaur®z SCI and SCE Heonipoell5, oBoaimpst oy er viail me
both values show a mean increase

MMmgt | 3 S



SCIAE
o
0

SCEAE

o

Fi gar® SCI

SCIAE

SCEAE
N
n

Fi gar%® SCI

a

and
ti

and
me an

SCE

me

SCE

bot h val

e —T

ncrease

e

ues

——

over

t

e e ey ===

me

I 3 months
I 6 months
I 9 months

1 12 months

I 15 months

1 3 months
1 6 months
19 months

1 12 months

1 15 months

B C 3 months
B C 6 months
H C 9months
B C 12 months
B C 15 months

M C 3 months
B C 6 months
H C 9 months
B C 12 months
B C 15 months

whi l

M MM

me an

e

3

col our-16hawo g énod dt ;@ emnvatl iso
show a

ncrea

SCE

S

col ou-L 5c mamgnpnit it e CvSatha dsehxo, w s3
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Mean intervf3 mog6montl9 mon|{12 mo|l15 mo
Sher wi|SCI 0.12|0.24 |-0.1 0. 37 -0. 03
Wil li aSCE 0. 70/0. 46 -0. 05 |0. 68 0. 06
Sher wi|SCI 0.20/0. 23 0.1 0.19 0
Wil liaSCE 0.93/1.30 |0.55 0. 84 -0. 05
Hempel|SCI 0.50/0.44 |0.72 -0. 08 |-0. 06

SCE 1.14]0.67 1.59 -0. 55 |0. 28
|l nt er nSCI 0.54 /0. 22 0.02 0.02 0.22

SCE 0.96/0.55 |-0.12 |0. 31 0. 45
CromadSClI 0.51/0.05 0.27 0. 42 -0. 25

SCE 3.93|0.11 0 -0. 26 |0. 31

Tab7lleMean col our chamge@geeé nyetr waén each
7. 3.i.tu rageepwagr d face of the samg
| it u ocafgetimeg upward (sky) facing sides of th
on the UV facing side odgéd,ihmgidamprlod 0 udu rcihrag ¢
i ncr easaigredg nwietrbval s and | arger shifts in SCE
7.20 to 7.24; Appendix 5). There was devi at]
Pendennis Castles, with Dover Castle sampl es
due tposkee éxxcati obooskfydt m@ Adimichaltthye sampl es
at Dover, as it was never in the shade. By ¢
shade from a near wall and someetreesgrAwdit
ar ounkPde ntdheeramripd es duri ng t hiesittbuate ewye anct tpey
to maintain this area. This resulaed i n some
obscured from the Iight. This is |Iikely the
and the much wider range in results, influen
Il nternational showed the strongest resistanc
reaching & .a8HB VSCOuyd BonfCE at Dover (Figure 7.
Cromadex recorded the sevof8@GH|I bwdst hamguette
consistency between the two sitaesd (Fhgmuwien 7.
Wil | iraanmsk eldtt mined(sFiitg@du®0eanly App2. hHdmp SEPS
was consistent between the two sictted, i ssudped
| ocations and the other factors, thatn contri
sigxuposSheewin Williams 1 showed the majority
ageangPendennis Cast |ag e aamgdD otvheer sCeacsotnlde y(eTaarb |
Sher wi ns Wixlelsieammmed the | argest change in SCE
SCI being the hi(gihgewrte at. IDDpvpedia ttdaes tF)el 4AFf t er

MmMmm 3 S



yeasiShuerWiilnl iraemsor2Zded values that can be <cl a

(Tabl eAl *.hlou)goh a visible change was al so reac

the first Year at Dover Castle, and the seco

All systems showed a pevidedi waablye lhHaemr ety eoar:

Williams 1 nodqE ndéacelsihmd dt tenk.iStently at Per
2.5

SW1 1 year Dover
SW1 2 year Dover
SW1 3 years Dover
SW1 1 year Pendennis

SW1 2 years Pendennis

s SW1 3 years Pendennis
0.5

SCI A
wu
EREREN

SW1 1 year Dover
sSw

Y

2 year Dover

SW1 3 years Dover

SCEAE
w

SW1 1 year Pendennis

SW1 2 years Pendennis

SW1 3 years Pendennis

Figuaze SCI and SCE colour change for Sher3vin Wil
year syeatr I nterval s

w»

M Mot



SCIAE
[ ®

N

H SW2 1 year Dover
- B sw2 2 years Dover
B SW2 3 years Dover
M sw2 1 year Pendennis
° B SW2 2 years Pendennis
B sw2 3 years Pendennis
2 L]
°
?

12
L ]
10 B SW2 1 year Dover
B SwW2 2 years Dover
8 H SW2 3 years Dover
6 L] B SW2 1 year Pendennis
B SW2 2 years Pendennis
4 s B sw2 3 years Pendennis

Figuzr®e SCI and SCE colour change for Sher3vin Wil

SCE AE

yearlsyeatr i ntervals
2
1.6
1.4 ® I H 1 year Dover
1.2 - M H 2 years Dover
ES) - © Hl H 3 years Dover
g ! B H 1 years Pendennis
0.8 Bl H 2 years Pendennis
0.6 Bl H 3 years Pendennis
0.4
02
o]
12
10
a Il H 1 year Dover
Bl H 2 years Dover
= = e years Dover
= Bl H 1 years Pendennis
B H 2 years Pendennis
* - - M H 3 years Pendennis
2
(o]
Figuza SCI and SCE colour change for-3Hgmpebk at
year intervals

w»
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1.2

M | 1 year Dover
0.8 -
. Il | 2 year Dover
Y | years Dover
S 06
3 + + M | 1 year Pendennis
M | 2 years Pendennis
0.4
M | 3 years Pendennis
0.2
o
7
6
5 | 1 year Dover
M | 2 year Dover
= 4 | 3 years Dover
=} ° b
L M | 1 year Pendennis
M | 2 years Pendennis
2 + I | 3 years Pendennis
! z
o]
Figdazrzx® SCI and SCE colour change for |48t grematsi on
at-ydar intervals
10
9 -
8
. -
7 M C 1 year Dover
6 ® M C 2 years Dover
w . - B C 3 years Dover
A B C 1 year Pendenns
4 - B C 2 years Pendennis
3 B C 3 years Pendennis
1 - .
2 *
T —— +
0
14
12

10
B C 1 year Dover
B C 2 years Dover
8
HWc: years Dover

B C 1 year Pendenns

SCE AE

- — B C 2 years Pendennis

4 + Bl C 3 years Pendennis
2 E

-
o]

Figdazse SCI and SCE colour change for @Brgmadsesx aat
lyeanterval s
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Mean change Dover Cast Pendenni s
inte(®Ral sif 1 yg 2 yel3 yel ydq2yeal 3yea
Sherw SCI 0.5 0.79 0.5/ 0.4] 0.4] 0. 14
Wi llia SCE 2.7 3.7¢ 1.6 3.5 1.2 1.1
Sherw SCI 1.1] 3.6|] 2.4] 0.8 1.5|] 2.4
Wi llia SCE 2.5 6.1¢ 2.5 1.9] 3.2 3.0
He mp e SCI 0.84 0.47 0.4 0.6] 0.5] 0.4
SCE 3.3( 2. 71 2.1 3.2 1.5 1.03
Il nt ern SCI 0.5y 0.1¢ 0.1 0.5] 0.0] 0.0
SCE 1.9 1.4 1.8/ 1.7, 0.7] 0.6
Cromad SCI 0.6 1.8 2.4, 0.9] 0.5] 3.6
SCE 2.5] 2.87 3.0/ 2.9] 1.3] 3.9

Tab7ll18 Mean SCI and SC change between i

7. 3Co3mpari son odgearrmrcigd ienreast veldt s

With the 8&tegatanfof I nternationali,sitthe mos
and accaeglearesgtudd s was the higher &®E®S8$SCIlU and ¢
samples (Appendix 4). The change in SCE was
colour change was more significantly influen
cont Mfiacutoe s BEEordbkbdsbmay be attributed to &
reduction in smoothness of the surface chang
percei veSdurcfheaapegedasi bnkely due tottohe ismmgdct
as rain and frost, as well as wind carried p
embedding into the surface. I n some areas th
contributed to the | oss ofgss maodtthhmeusgsh and itse

there were no obvious mani festations of corr

|l si,whil e the UV Iight within the daylight sp
data fromageicmdiecatedl t hat a higher dose of

temperatures did not priosdigoup otshueg &g & mwen@lres s o
aided by environmental factors. This is true
similarly in both tesmivoumnnimeetisestr et @agarn chlges s
Thehan®€li and SCE V¥ alowme sampl@asseitratdee si mi | ar t
t hose which wer e r eage (dRegldg udruer i7n.gl 8a cacned e7r.a2t 3e;d
5) .

Pendemmrsitdlact tass svaasms ead di ff er ent Cawadhdatea < et ,t hceu

to the shelter from nearby vegetation and st

mmet | 3 S



exops wrfe t he samples and created uneven shadin

artillery piece and -pianifnltueedn cree ptahier sc odnutrri ansgt nw
Max mean col ogl5 months|3 Years|3 Years
( BE) Ac c el argeeti Pendenni
Sherwin |[SCI 0.68 0.05(1.0M 0.[/1.268 0.
Wil liams/SCE 1.88 0.12{8.8H8 0./5. 08 0. 2
Sherwin |SCI O. 7R 0.02(7.2080 0./4.88 0.7
Wil liams/SCE 3.pK 0.06{11.(2\ 0.8. 268 0.5
He mpel SCI 1. 68 0.02(1.6K 0.|1.6K 0.

SCE |3.(8 0.12(8. 08 0./6. (068 0.1
|l nternat|SCI 1. 08 0.02{0.868 0./0.68 0.(

SCE |2.(8 0.06{(5.08 0./3.(K 0.1
Cromadex| SCI 1.0080 0.02({4.868 0.|5. (L8 0.4

SCE |4.08 0.06{8. 4R 0.(8.HK 0.7

Tab7llet Mean SCI and SCE change at maxi mu|
7. 3T.hde. rol e of SCI i n change of S

As both SCI and SCE are calcul@t*e,d a*hirtoamgd b
is expected that they would share a direct c

such as texture or gloss, impact the SCE res
result in a gradient of eybuwedhtdewvwhatcban
ot her than colour. A trend I|Iine, with a corr

compared to assess tihse trrednad itvhea td eeva caht isoyns tfer
proportion of colour change which can be att
proportional relationship of y=x be establis
used in othgreabéousscumwity that at tdaommgley i mo
the colaoamud meptactehe surface appearance which
RPfwas used as aaccoafacfaitti omornft hdetrendlines,

di stributed data sets not providing as cl ear

The Iine of best fit can be altered to pass
unaged sampl e which has unTdheirsg owaes stntoec hdaonngee

point at which the |line of best fit iIintersec

MMt 3 S



for insight i mtaalhfgonwg emuccahn obfe tahtet ri but ed t o

This will lailmeo afl |boens tt hfeit t o more closely m

After aage|Cagantaald x showed no correlation bet
7.2 )t hough a | ar ge c¢thhainsg ei swanso ts ereenp liinc atCeEd i
The gradient reflected this with ttheee dtoiwoernst
of talxea syy where SCI woul d 494, sOh owiansg weh elna r¢
departure bet weaendutiglye st wangr ¢ hditngdhe change i
accelagaitegl | ittle impact on pe€vakbuwedscdueu
attempting to mdm grloiurpe avrh i grha dlioeerstis mghiriua s h o w
rel atively steady tdirea dgireandti einst P@hi sl esrawepd ,e Gw id tr ix
being marginalilhy sebdwdoronw@asttlhean( Fi gure 7. 34)
i Nt er sectaixoins oinndtihceatyes external factors had

appear aencsey sotffemm hdagenmge healf jrisat the shall o\

t haftt er this point they had a |imited I mpact
By contrast, results fr#smttuhsawgdekgearsgtrandtti loantal S
a relatively junior role in the perceived ch
the only system where the trend |Iine is proj

(Figure 7. 38B390hasigne t hies fduest iIinterval of SCI
(Figure 7 T2l eean®. 7/5)3.5;Twe it utd e e lpradgsdta dd heanntge i r
SCE was not rel atwadstlbi chadgtoi ot IS€1 bact or s
for acaglendieldatlsar ger portion of the chang
SCI (Figure 7.18 and ag28hgeThalsepulodsciendit

i mpact on ovmitchurt hehamdeur having a more mar (

change in subsequent i1 nterval s.

Accel agapedduced a similar correlation betwe
Williams 1 (Figure 7.15), with SCE increasin
7.25; Table 7.15). 1t directly contrillmuted t

Si tu weeseurhit ISanrt ebruste c t-a xl i @amuachh thhieg hyeri npgba bt , i
ot her factorspat oaepharmdie iinduS@E a( Tabl e 7. 15)
at Dover eEeastlBatphdyemora molre imm change comp

Pendennis Castle (Figure 7.20).

(@p])
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Al t hough Sherwin Wi lliams 2 showed the poore

SCE resusi s ua@@ablngd) , it showedel &atei smcond
bet ween SCI and SCE results, after Cromadex
y axis also remained | ow and consistent betw
ot her factors, though thé@pnvaer e asisieldl apr ojpsert
change by themsel ves. Sl cpollaoyuirn gc hsauncghe amalya ri

t he oehfa¢ kty seen on the swsrié&apesofet h€alslaenpT e
Accel agapedduced-agai bowat eysacgireat gdiagqtr agi €
was s-eeqmwuggesting that factors other than SC
the perceived col our change (Fi gwridmad@ane6) . T
SCI had a |l arger contribution to change and
factors. The ochalskidndpyc@alghh eV & aWagieoa] 200
20241 t hough i f itnhitshiwdatsi nwahted icads® ex pected to
visi bl e i ne aflcteé remiattt idnakze acyp, u s ewle dtyh ert ihreg f act o
frequent envir afhmesn tsayls tfelnu cntawya thiaovnes been | ef |
to chal king due to conditions in the applica
proportions or temperaBSheewi hoWi | bwafmer2prep
which specifies a temperature aboves 10AC for
stipulateaSA€Cher mi awewum a p(pSlhiec amiino nwitl d mpaenrsa t
Sherwin W lliams 2019b; I nternational, 2020Db
10AC dur i npgertihbed jcsurpionsgs i b | ee mahti usr ec oonht a li kbiurt ge.d

| si,Haemephas a considerably steeper gradient a
|l arger role in change at Pendennis (Figure 7
across both environments (Table 7. 1l4pjacitndi c a
on the change in SCE at Dover Castl e. During
more direct i mpact on -4dihteu ch@awmmgteern parctod oude d
seen on the surface @ORighhurse iTIl4havimg @r adirea

reflect the stabilising of colour change af'¢t

MmMgh | 3 S



CoatingAccel eratebDover Pendenni s

System|Gradi eR] Gradi e|R] Gradi e|R]
(y=)

Sherwinl. 94020.833.4524|0.392.757x|0. 85

Willian0O. 4524 0.485 2. 4539

Sherwin4. 62730.891.4589|/0.96/1.4068|0. 95

Willian0O.2182 1.0758 1.3717

He nmepl 1.84170.836.36/114/0.922.8232(0. 87
0.1818 2.0542 1.4248

Il nterng2. 30520.879.1904(0.979.9329|0. 7¢(
0.254 2.967 3.5343

Cromadeg-0. 2159¢0. 071.278X|0.971.2051|0. 91
+4. 156 2.0913 2.0548

Tab7llé Gr adi ent s

15
w
3]
Q1
e
0.5 |awees * L
0
0 0.1

0.2

(0]

Fi guz5Rel ati onshinp

mont hs

i nt erGreelys

f relationadié®ndiet avermenn tSLIf @am
systems.

....... °
. . ..........
° .. ------- L o
o et
oe Y
°
°
0.3 0.4 0.5 0.6 0.7 0.8 0.9
SCI'(E)
bet ween change i-65Sfmbnahd 8CE
(6G r nepanmt thisB e thp n L BPsumopnliteh,s-15 mont |

Bl ue)

(@p])
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
SCI'(E)

Figuz&® Rel ationship between change -1 nsoCilt hasn da tS(
mont hs i nte+Gralys (6GrneoamtthisBe chp n i BPsumopnliteh,s-15 mont |
Bl ue)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
SCI'(E)

Figuz?® Rel ationship between ch-abgmohnhsSCat addmeé
interval-GrEey, médGringosnt, h sBe chp n L BPsumopniteh,s -BISueanont hs

2.5 ® .
2
2 e
® .
o 5
@ 15 . ®
R :
n 1 ..‘ s
o, .7
05 e
0 L e
0 0.2 0.4 0.6 0.8 1 1.2
SCI'(E)

Figiaz& Rel ationship between chandé monf68k and3S@
interval-GrEy, meéGringdoesnt, h sB e chp n 1 BPsunropniteh,s -BI5u anont h s
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SCE (AE)

SCE (AE)

0 0.2 0.4 0.6 SCI'(E) 0.8

Figu2z® Rel ationship between

interval-GrEed, meéGringdoesnt, h sB e chp n 1 BPsumropnliteh,s -BI5u anont h s

1 1.2 1.4

chahfemont §5€1 atanidg

MHm | 3 S

B ¢

. . .'.
._.‘--""“. 2
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7. 3Co5l.our change: reverse of sampl
Readings from the reverse face of the sampl e

wi || have on the appearance of the coating s
artillery pieces are three dirmharsi amala, o lajnac
sections obscure others from direct sunlight
across the object, which may result in uneve

i npainting for maintenance.

After aagejaegaitadd er degree of change had bee

systems, with the exception of Cromadex, whi
degree (Tables 7.16 and 7.17; Appendix 4 and
pol yurepgdhaates tcan attribute a | arge proport.i
photodegradation, with the reflected, indire

the same degree of colour cheamge, ophirlte o@r dnr
t her mal dA¢ ¢ handitglthe oy st ems showed a | arger sh
to GTdbl eHe/mplebin taerdhat i onal showed very si mil
suggesting that there are -lagtadatobhewht bahn

a |l arge role in colour change.

InNnsi tu colour change resul t @ ltdshheo wseyds tleensss, cad nts
show a | arger shnttermat iIS€Cikalt hamd Si€é mp e | bot h

reverse to be more similar to the front resu
Williams systems,shOwenad&at IBCEevesults were
at Dover Castl e, but SCI was the most simil a

was seen to be the most consi stent overal l ,
back, Stwé&i wien Wil liams had the | argsesemdmbster
strongly af-degtadatbiyophot o

(@p])
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Max mean colour (15 monthg3 Years |3 Years
revexfebpercent offAccel er at Pendenni
change) ageing
Sher win |SCI 0.27 (390.40 (2/0.47 (3¢
Wil Il iams/SCE 1.822%) (3.11 (4/3.81 (64
Sher win |SCI 0.10 (490.85 (10.47 (9¢9
Wil Il iams/SCE 0.55 (591.92 (1/]1.58 (1¢
He mp el SCI 0.81 (531.26 (80.85 (51
SCE 1.88 (533.22 (3/3.60 (5¢§
I nternat|SCI 0.42 (4140.44 (5/0. 468%)
SCE 0.91 (421.67 (3/1.90 (60¢
Cromadex|SCI 0.87 (871.69 (3/2.57 (50¢
SCE 4.29 (104.34 (5/4.20 (51
Tab7llé SCI and SCE change onagevbBgeevahse of
Difference betwgl5 monthgs3 Years |3 Years
rever seagaeti nngaexr viAccel er at Pendenni
(Fr®etwverse) ageing
Sher win |SCI 0. 42 1.51 0.79
Wil liams/SCE 0.51 3.88 2. 17
Sher win |SCI 0.10 6. 36 4. 37
Wil |l i ams/SCE 0. 38 9. 31 6. 67
He mpel SCI 0.71 0. 32 0. 83
SCE 1.25 4. 97 2.57
I nternat|{SCI 0.60 0. 43 0. 21
SCE 0.60 3.48 1.27
Cromadex SCI 0.12 3.19 2.59
SCE -0. 20 4. 07 4.00
Tab7ll¢g Difference between front and rever
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L*a*b* components
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y e

Fo
t h
Ta
ac
7.
7.

mponent contributi olscde tc®mpiogEe vtaH & eisn fhidu e
agweme¢ each ?dovcdedubgt & the percentage o
used by each of the components. This does

ange, only the proportiohahgempact which t

r I nt é$@latd aotnaa,l sL* had the smallagéi nghnpact
tervals and most change wars 1la8l)on ¢Crtohmea dee*x &
more even split between the components, su
| our (Figure 7.37; Table 7.18). Change in

celagaitrdgr had the greatest shift (Figure

t ween all of the conditions. Sherwin WilIl.i
rgermgintbuae i n agelehgguwrte d7. 37; Table 7.18).
d duri nqagechglferialtmesd sinmal |l three componen:
ver Castle a much | arger portion of change
rsher conditions and | ight exposure at Dov

Il | ow/ bl ue.

r SCE results, L* shift wasgeongdsteonhsfor
ough b* had very algetithniget af hgcf il hi agcéehesa
ble 7.18). |l nternational showed a relative
celaegaitgut a | arger roliesiViids gplray dd 3By D4l
18) . Hempel saw b* being the mgjedRiggureont
38; Tabil®i,Futl8Wwi ahdLrmg aamdl amggduaryaol e

Tkese riensdulctast es that it is mostly a shift wi:

in

vi sual appearance of the coatings.
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L*a*b?*

Proportion contribut|{l15 mont3 year g3 Year §
accel enDover Pendenr
ageing

Sher wi nL* SCI 64 % 17% 27 %

Wi I 1 iar SCE 22 % 38% 32%

ar SCI 18% 6 % 13%
SCE 18 % 10% 12 %
b * SCI 18 % 77 % 6 0%
SCE 6 1% 52 % 56 %
Sher winfL* SCI 22 % 6 3% 50%
Wi | Ii an SCE 46 % 59 % 50 %
ar SCI 31% 1% 6 %
SCE 14 % 4 % 7 %
b * SCI 46 % 37% 44 %
SCE 40 % 36 % 42 %
Hempel |L* SCI 48 % 20% 42 %
SCE 6 % 38 % 28 %
arx SCI 3 % 3 % 4 %
SCE 1% 7 % 7 %
b * SCI 48 % 77 % 53 %
SCE 93 % 55 % 65 %
|l nt ernglL* SCI 10% 7 % 4 %
SCE 28 % 46 % 39 %
arx SCI 70 % 46 % 65%
SCE 48 % 15% 19 %
b * SCI 20 % 48 % 31%
SCE 24 % 40 % 42 %
CromadelL* SCI 30% 43 % 43 %
SCE 53 % 53 % 52 %
arx SCI 39 % 22% 26%
SCE 46 % 30% 32%
b * SCI 31% 35% 32%
SCE 1% 17 % 16 %
Tab7ll8Proporti onal contributions of
Mot | 3
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7. 451 oss Readings
7. 4Gllo.sMce @ | eargaetreadgul t s

Unl i ke col,pairrc aptaidi mgssf gl oss change is infl
on t he gAtoshsi gshcearl egl oss | evels a | arger shif/
finish change itso etalse elmu®anfdaeges nagrud sshepar at
categories |lbeawvrddghomg!| wplsdss medi um gl oss, and |
surfaces are any which have a GU reading of
considered medium gl oss, andt 2&l0®&éw .10 GU t he

Unaged Hempel has the highest | evels of gl os
foll owed by International with an average of
pl acing both at the | ower end of thethigh gl
matte systgmowist headming of 17.82 GU close to
which a coating i setcd2®l@6)defEidgloe gl 68s ApPpe
was slightly glossier than thigsnoratad2ht7?71 GU

within the medium gloss range at an initial
Given the discrepancy in perceiving gloss <ch
scale, the unaged gloss values are important

system. The manuf adftliuve rsy d tisehrtese ndhse bsydtmis 1 eo fe
variation in whaheers. chmpliideateidorsevrar i abl es,
components in two pack syst,emsnd dgiynqar iemg/ia
surmagefl uence t he gl otsiss ofh dwled whieareaddo rssyisd earn
coatingeshypstreenpg anfigai limr e exi sting system. Ev
|l i sted as being the same gloss |l evel as the

repair may vary from the original

Ag ng made al |l t ee Cm@amaadgxs moc @noesatirige intoss tg |
rapidly. Afdcegei Bgf memmeitdh gstlmoss t o the | ow gl oss
continued a gradual decline in subsequent in
Appendi x 6). This steep initial |l oss in prop
7.19), indi catisngl itkhel Yy oss smajforg | fosscst owva i n t h
SCE t(reemaesgelft Lhrange in gloss would begin to
6-mont h i nter valncdueemetnot ailt sc hsaimaglel and t he f act

end of etéhgei onnmtdf the gl oss scal e.

(@p])
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Sherwin Wi lliams 2 also entered the | ow gl os
decline. This ch-@nmensthdyaagdyretbdt mweheam ge was r ¢
mont hs (Figure 7.40; Appendix 6). Again, thi
7.16) .

Hempel, the glossiest system at the beginnin
reducnhighoss from O to 3 montthe 445:.d34 h@U ,e adft
mont hs, albeit with aYmoandinalrvas seatd ofo dhtaax

t hle2and-mtb Bt mg er val s T(hFei gaunroema7l.y4 Ima.y be attrib

i ncr ebalsiestienri ng seen in this time period, wh
t he rleessupittse rei@momGligval hegbhhe shift i s vis
the initial gloss value. lIhenrt ebgelncast § ornead d ifrod | o
stabilised after 9 mont hs. I nternational <cha

thatameéehbéegl ossiest system from 3 months onw
change in gloss for retheampeol Ifh@lldooBEdS Ca o iomir | a
(Figure 7.17), wiinlo ntiima& ee xwcaeeprtei ocno | aotu rt hceh aln5g

and gloss change stabilised. This suggests t
gl oss and colour shifting the final interval
Sherwin Wi lliams 1 retained its initi#&l gl os
montalwpepegi od (Figure 7.39; Appendix 6). Extr

chamndiendiicr thim$tt er l1Qolmournt &tsi on and not gl oss
changes recorded.
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7. 4Gl20.sA r6i0t U agei ng

|l $igluoss data (Figures 7.44 to 7.48; Appendi
t hhegei ngervals, which reflected the .cBal20ur cl
evidencing the impact of gl oss on appearance

gl oss readings and appearance.

The fearstresults of iCroorimmadsgek oslsoweael arrgevhi c
wi t hihn gthbbess region (Figure 7.48; Appendix 7)
this trend, showing a decrease in gloss into
an erroneous sattobtugwasuolementasd in all Cro

t he -yfeiargseti nger val

50 »
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