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2 Navrh uzivatell

Cilem gedkladané metodiky je podat informace o aplikadkailakého plazmatu pro
Setrr&jSi odstraovani vrstev koroznich produktvcetré inkrustaci z kovovych archeo-
logickych nélea zhotovenych ziznych kowi a jejich slitin. Aplikace metodického postupu
umoziuje urychleni procesu odsti@/ani koroznich produkta aplikaci na #Si paet
predméta sowasré. Po plazmatickém opracovani je mozné bez pouziii sily odstranit
vrstvy koroznich produkitz povrchu pedmétu, navic dochazi i k vyrazné desalinaci povrchu,
zejména pak ke sniZzeni koncentrace chloru, kteajalyzatorem dalSi koroze. Zasadnim
rysem je i moznost aplikace metodiky nigegméty zhotovené z gdi a jejich slitin, neb
proces umoiuje zachovani vrstvy uslechtilé patiny na povraluhto gedmeta.

VySe zmirgné charakteristiky f@duguji metodiku pro Siroké pouZiti v oblasti konzer-
vace/restaurovani archeologickych kovovych néleez ohledu na pouZzity material objiekt
Proces konzervacefipaplikaci metody je podstatnrychlejSi a Setr)Si vici predmetam
a dilezita je i jeho pouzitelnost pro stasné oSéeni WtSich soubar predmeta a nizsi naroky
na lidskou silu, by je k obsluze zZdzeni nutny speciainproskoleny personal. Metodika je
tedy ufena pro konzervatorské dilny a pracavi$huzejnich instituci zabyvajicich se
predevsim sarimi konzervaci vice kovovych artefakiajednou.

Metodicky postup neni vhodny pro aplikaci néegméty, jejichz kovového jadra se
nezachovalo nebo jen velmi malé, nébzle reald hrozi @i Uplném odstraini vrstev
koroznich produkt totalni destrukce objektu. Proto je vhodnéiipadech, kdy neni jista
existence kovového jadra, rfed udlat rentgenovy snimekiedmetu.



3 Cil metodiky

Cilem gedkladané metodiky je podat informace o aplikackailakého plazmatu pro
SetrrEjSi odstraovani vrstev koroznich produkiz kovovych archeologickych nélezJedn&
se 0 tzv. ,suchou metodu“, to znamena, Ze samgtedntt neni ovlivien vodou ani
rozpoustdly. DalSim vyznamnym rysem j@sté&na az uplnéd desalinace povrchiegmétu

a zejmeéna vyrazné snizeni koncentrace chipkteré jsou hlavnimi katalyzatory sekundarni
koroze kovovych néaléz Nespornou vyhodou je aplikovatelnost metodycas@ na \&tSi
pocty predmetd, piicemz je vhodné, nikoli vSak nezbytné, albggnety byly z obdobného
materidlu a fiblizn¢ stejné velikosti. Aplikaci postupu Ize dosahnowiazného zrychleni
procesu odstigvani koroznich vrstev z povrchuepneta, piicemz je vyrazé omezena
aplikace ¥tSi sily pro toto odstrani. Posledni zasadni charakteristikou je mozndgteae
metody i na oSéeni gedmeta zhotovenych z gdi a jejich slitin, kdy je ieba zachovat
i vrstvu uSlechtilé patiny. V tomtoripact je ale nezbytné géve zvazeni aplikace zkuSenym
konzervatorem, protoZe je obtizné jasalliSit neuslechtilou a uslechtilou patinovou vist
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4 Prehled dosud aplikovanych postupt v zahraniéi a CR

V prab¢hu poslednich ¢kolika desetileti byla uskuteéna fada experimeit s vyuzitim
novych a netradnich technologii v oblasti konzervace a restaurbkamovych gednmeta [1]
pievazri nizkotlakého plazmatu k ogeni kovovych historickychipdneti.

Zrejme uplreé prvni experimenty byly realizovany skupina okolo Danielse, kdy bylo
pouzito nizkotlakého radiofrekveémiho doutnavého vyboje generovaného vessrysliku
s argonem (v posnu 1:1) a vodiku s argonem @@pv porgru 1:1). V reaktoru byly pouZzity
dv¢ vodorovné tyové elektrody, tlak plynu byl #ien Piraniho vakuometrem. Ve &sn
kyslik/argon byl tlak plynu &em vyboje 17 Pa, ve €si vodik/argon 13 Pa. Teplota
oSetovanych pedntti byla neiena termolankem vioZenym imo do plazmatu a ani
v jednom pipadt negesahla 50 °C. Z vysledkvyplynulo, Ze plazma generované veésm
vodik/argon je schopné ,¥istit* olovo, med’ a stibro, picemz nejlepSich vysledkbylo
dosazeno u #bra. Roviz bylo prokazano, Zze v tomto plazmatu Ize redukdwahatit na
magnetit. V pipact pouziti plazmatu generovaného ve ésmkyslik/argon dochazelo
k oxidaci, coz je proces z hlediska aplikace v lamatorstvi nezadouci [2].

Nasledr stejna skupina pouzila doutnhavy vyboj generovaoyngci vySe uvedeného
zaizeni ve vodiku a s#si vodiku s neonem Kk ¥igteni Daguerreotypii, které byly do
plazmatu bd’ jen vloZeny a nebo byly zapojeny jako jedna z tebek Cilem prace bylo
redukovat Zernalé gtibro zgt na sfibro. Redukce v plazmatu trvala 5-10 minut
pii aplikovaném nagti na elektrody 300-400 V, teplota Daguerreoty@pakratila 40 °C.
Pouziti stibrného pedmetu jako elektrody v Z@zeni generujici plazma bylo velmi @Spé,
co se tyka zlepSeni redirkich &inka vodikového plazmatu. Jak atitavadsii, je tato
metoda ¢isténi Daguerotypii hodnotnym doginim sowasnych metod a také &htelé
fotografii byly s vysledky spokojeni. PouZzitim tétetody se zachovavédyodni stibro [3].

Na tyto praci navazala v polowin80. let 20. stoleti skupina S. M#&p vV Institutu
anorganické chemie na Univegzit Curychu [4]. Tato skupina pouZzila nizkotlaké ikamvé
plazma k restaurovani Zeleznych arteiakkochazelo k znamému odstragni chloridi, ¢imz
byla zn&né potlaiena moznost vzniku nasledné (sekundarni) korozelofye predmeti
béhem oSaeni nepesahovaly 400 °C. Diky tomu nedochazelo k nevratngmenam
v tepaném Zeleze aigtalo zachovanétpodni sloZeni a morfologier@dmetu, které nesou
dulezité informace oijvodu a metodach vyroby artefakv podstat vSechna dalSi ¥zeni
vyuzivana pro aplikaci plazmatu k o®sti kovovych pedneta vychazeji z pvodniho
konceptu S. Veika, proto je zde uveden detaiil$i popis aparatury.

Plazmochemické odeni probihalo v aparate, jejiz schéma je uvedeno na obr. 1. Vlastni
reaktor byl z kkmenného skla o délce 35 cm arpgru 10 cm. Reaktoru z ¥jsi strany
obepinaly d¥ vodou chlazené #&iléné elektrody 6 cm Siroké a 15 cm dlouhé, g2 hylo
piivedeno vysokofrekvami elektrické nagti z generatoru o frekvenci 80 MHz a vykonu
2 kW. Do reaktoru byl vioZen rfovy teplongr pro kontinuélni sledovani teploty. Cely
vybojovy reaktor byl uzaten do uzemgné Faradayovy klece, aby se zabranilo neZzadoucimu
vyzaovani radiofrekvedni energie do okoli. Tlak v reaktoru¢hem plazmochemického
oSeteni byl méten McLeodovym a Piraniho vakuometrem a byl udrzowarozmezi
0,3-2 Torr (40-270 Pa). Reaktor byl kontingatierpan roténi olejovou vy¥vou, piritok
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plynu se pohyboval v desitkdch ml/min. Timtoigpbem byly oSéeny romanské Zelezné
artefakty (htebiky, keltsky Gz). Po oSé&eni bylo mozné odkryt gwodni povrch artefaktu
pomoci ocelové jehly nebo skalpelu bez pouZiti @#edly. Na oSéenych gednetech byly
provedeny experimenty nasledné korozéedRtty oSetené a neosSiné ve vodikovém
plazmatu byly umighy do valdé s deionizovanou vodou. U oBatych vzork nedoSlo bd’
k Zaddnym, nebo jen k minimalnim 2mém, zatimco u neo%ehého vzorku se objevilo
nastné a dre valce velké mnozstvicervenohgdych koroznich produlit a ¢erného
magnetitu [5].

V navazujici praci vyuZzival S.Vegk experimentalni aparaturu, kter4d se skladala
z vybojového reaktoru z Pyrexoveho skla (kmiitpraimér 15 cm, délka 45 cm). @p byla
pouzita dvojice vodou chlazenych &®ich nedénych elektrod, které byly ifpojené
k vysokofrekverinimu generatoru (80 MHz, 2 kW). dveni probihalo $ tlaku okolo 1 Torr
(133 Pa). Teplotadnem plazmochemického oBeti byla ndtena rtwovym teplongrem,
jehoz baka byla gekryta Zeleznym pliSkem, abyétend hodnota |épe odpovidala teplot
oSetovaného Zeleznéhdagmétu. Nangtené teploty se pohybovaly v rozmezi 350 az 380 °C.
Predmet byl béhem oSeeni bul’ zawSeny na tenkém Zelezném drabhebo byl polozeny
na rostu z kemenného skla. Doba ofti se pohybovala mezi 20 a 70 hodinami [4]. Takto
byly oSeteny nasledujicii@drety: Rimsky kI, vahy a jehla. VSechny tyto nalezy pochéazeji
z 2. stoleti n. |. a byly nalezené ve WinterthuBurycarsko).

80 MHz
2 KW

/ el |
LJ —
j N o

—
Rotary pump @ ==
.7411 Pirani MelLeod I
]

Hz'

]

|
J

Obrazek 1: Schéma aparatury pouzivané Stanislaegfekem [4]

Skupina okolo Katariny Schmidt-Ott v Narodnim muaeuSvycarsku se od roku 1990
vénuje plazmochemické redukci ve vodikuigngsi argonu. Plazmochemicky reaktor, ktery
je vyuzivany, se sklada z vybojové trubice z Pyve&km skla (pkmér 40 cm, délka 150 cm).
Na vrchni a spodni stréanvné reaktoru jsou umishé dv vodou chlazené valcové éaené
elektrody, k nimZ je fpojen radiofrekvedtni generator o frekvenci 27,12 MHz a vykonu



4 KW. Rednety pro oSeteni se vkladaji na sklénou ntizku do stedni ¢asti reaktoru.
Aparatura je kontinuathc¢erpana dvoustuiwvou rot&ni olejovou vy¥vou. Tlak byl ngfen
membranovym vakuometrem ashem plazmochemického oBeni se pohyboval mezi
20 a 90 Pa.

Aparatura je vybavend@emi tiznymi z&izenimi pro niieni teploty:

a) Rturovy/alkoholovy teplorr umistny ve sklegné trubici. Byl v kontaktu pouze
s vrejSi stnou reaktoru, ale nebyl v kontaktu ani s plazmadgins oS¢bvanym gednetem.
Ukazoval vyssi teploty, nez zbyladzaizeni.

b) Infraterveny pyrometr zagiieny na pedntt, ktery byl rovéz umisény mimo reaktor.
Meéiil absolutni teplotu povrchu artefaktu.¢kéni nebylo vhodné pro teploty nizsi nez 110 °C,
pii vySSich teplotach fungoval disbpro Zelezné artefakty.

c) Termcildnek umisiny pfimo v plazmochemickém reaktoru, ktery byl fnpém
kontaktu s povrchem o$evaného artefaktu. iBdpokladalo se, Ze teplota je na celém
povrchu pednmetu stejna [6].

Ve Svycarském muzeu byly oEtany Zelezné rednety ve snési argon/vodik (1:10),
oSeteni trvalo 6—7 hodin ip tlaku 15-40 Pa, vykon generatoru byl okolo 1 ki&fplota
artefakfi se pohybovala v rozmezi 100-120 °Ciitl8hé gedmety byly oSeteny vcistém
vodiku za stejnych tlakovych a vykonovych podminegeteni trvalo 5-60 minut, teplota
predmétu se Bhem oSdeni pohybovala mezi 40 az 90 °C [7].

Pri dalSi praci byly oSéené Zeleznétkbiky a gtibrné Iztky. Struktura artefakt resp.
koroznich produkt na jejich povrchu, byla analyzovana technikou SEDIS [8].

Pisobenim vysoké teploty dochazi vegnétu ke znéné struktury kovu a ke zoeni
metalografickych informaci. AvSak ifipaplikaci nizSich teplot ale dochazi ke zné ztra¢
vypowdni hodnoty artefakt Pracovni podminky plazmochemické redukce bylytypms
omezeny na bezpeou hodnotu teplo tyipdnétia v rozmezi 150-170 °Ci&dnttem dalSich
studii byla i moznost dalSiho sniZzovani teploty ezaljch pedméta oSetovanych
plazmatickou redukci na hodnoty az pod 80 °@gzité vSak je prosfit efekt desalinaceip
nizsich podminkach — vysledky jsou pro zatim tikgzné). Tyto pracovni podminky mohou
vest k SirSimu uplatmi v ramci konzervatorsko-restauratorskych pastuprincipem
takového to postupu neni to, Ze bii peplotach okolo 150 °C dochéazelo k zasadnim
materialovym zrinam v kovu, ale fakt, ziEada konzervatdra dalSich odbornikzdiraziuje
vyznam zachovani koroznich vrstev jako no8itelformaci o fivodnim tvaru a povrchu
prednitu, ale i ukrytych fragmefit dalSich doprovodnych matefiajako jsou organické
zbytky textilii, usni, #@eva, ale i otisk lidske Kize ap. Tyto materialy jsou glob&lvaci
teplo€ mnohem citli¢jSi nez kovy. Tento text a teploty lze vztahnouta slitiny ngdi,
protoze stanoveni limitni teploty v podstatvychazi z materialové podstaty daného kovu.

DalSi skupinou vyuzivajici nizkotlaké plazma proeti@hi historickych pedmeta je
skupina okolo |. Kotzamanidi v Ustavu materidlovyeil v Athénéach. BylaeSena aplikace
vodikového plazmatu na zkorodovanou ocel a hidtéritelezné artefakty.r@dntty byly
analyzovany pomoci rentgenove difraktometrie (XRD).

Valcovy reaktor (o délce 130 cm a \mitm piiméru 40 cm) z Pyrexového skla byl &p
¢erpan dvoustujovou rot&ni olejovou vy¥vou. Pracovni plyny byly do reaktorttiyadeny
prostednictvim jehlovych veniil a blize nespecifikovanych {okoméra. Dvé médené
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vodou chlazené elektrody (34 x 90 cm) bylgippvrené na vijSi strar reaktoru a byly
pripojeny k radiofrekveénimu generatoru (27,12 MHz, 4 kW). O@siané vzorky byly
rozloZzeny na ifizku z Pyrexového skla umésiou v ose reaktoru. Teplota&hem procesu
byla mefena rttovym teplonérem obdoba jako u prof. Vepka. Vzorky byly oSébvany ve
vodikovém plazmatuiptlaku 0,8-1 Torr (107-133 Pa) a tegl@40-280 °C. redmity byly

nejdiive vicenasohbn oSeteny v plazmatu v rozsahu 1-20 hodin. dskedku oSéeni se
vnejSi vrstva koroznich produkt stala porézgSi a bylo mozné jicast&né odstranit
mechanicky (skalpelem) bez vynaloZenitsv sily. Poté byly vzorky znovu ékolikrat

oSeteny v plazmatu, aft v rozsahu 1-20 hodin. Cely cyklus byl opakovandazuplného
odstrarni vrstev koroznich produk{9].

Tym okolo J. Novakovic na Technické univegziv Aténach ve spolupraci s vyse
zmirtnym Ustavem materidlovych éd se zabyval plazmochemickou redukci vrstev
koroznich produki bronzu. Radiofrekvemi aparatura byla @p velmi podobné té, kterou
pouzival S. Vefek. Reaktor byl vyroben z Pyrexového sklagl nvar zvonové nadoby
s vnitnim piimérem 40 cm a délkou 46 cm. Aparatura bylagtogontinual cerpana
dvoustugovou rot&ni olejovou vywvou acisty vodik byl do reaktoruipvadén pres jehlovy
ventil a ot nespecifikovany fitokomsr. Dvé m&déné elektrody (30x32 ) chibyly umistny
podélrt navrgjSi strak reaktoru a byly fipojeny k radiofrekveénimu generéatoru
(27,12 MHz, 2,8 kW). Vzorky byly umi&ty na niizce z Pyrexu v ose vyboje. Teplota byla
sledovana pomoci terrtddnku umistného v ose reaktoru v obalu z Pyrexového skla.
OSeteni gedntta probihalo Wisté vodikovém plazmatu po dobu 1, 2 a 4 hodinvgkonu
650 W, teplot 190-200 °C a tlaku 0,8 Torr (107 Pa).

Teploty byly vybrany v rozsahu 190-200 °C, protpbelle fazového diagramu Cu-Sn by
tyto teploty nemily mit Zadny vliv na pevnou fazi. Také&hem gedchozich vyzkuiin bylo
prokazano, Ze nebyly pozorované émy metalografickych charakteristiktugt zrn nebo
rekrystalizace) kovovych ipdneti. Byla rovréZz odzkouSena teplota oEsti gedmeti
100 °C, vtomto fipact ale nebyly zaznamenany Zadné podstatnéngnve struktiie
a slozeni vrstev koroznich prodiikt

Vzorky byly analyzovany optickym mikroskopem, elektovym rastrovacim
mikroskopem s prvkovou analyzou (SEM-EDS) a ke&jiSmikrostruktury vzork byla ogt
pouzita rentgenovska difraktometrie (XRD) [10].

Krom¢ predchozich ziazeni pro oSéeni archeologickych néaléz ktera byla v podstat
obdobné konstrukce, byla rosh odzkouSena d@vzaizeni pracujicich ve zcela odliSnych
konfiguracich.

Na Univerzi¢ v Eidhovenu bylo testovano oBati Zeleznych artefakt plazmatem
generovanym kaskaddovym obloukovym zdrojem, kter@aesovalo tryskou anodovym
prostorem do vakuové komory (viz obrazek 2). Vzobgk do toku plazmatu umist na
specialnim drzaku. Teplotargunetu byla nefena termolankem pilozenym k povrchu
oSetovaného pedmétu. Teplota zvolna stoupala ke své maximélni hogn&teré bylo
dosazeno &hem 10-15 minut. Celkova doba déei gedneta byla 20 minut [11, 12].
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Obrazek 2: Schéma aparatury s kaskadovym obloukém [

Povrch pedneta byl po oSateni vodikovym plazmatem porézni, coz usnadnilo @gpaci
(impregnace roztavenym mikrokrystalickym voskenti tgplo€ okolo 100 °C nebo
impregnace epoxidové pryskege @i teplot okolo 80 °C). Oséené pedmety byly uchovany
v muzeu s relativni vlhkosti 40—-60 %. Po roce nkdoé oSeaenych pedmetech k vyznamné
sekundarni korozi. LepSi vysledky byly pozorovangedneta impregnovanych epoxidovou
pryskyfici [13].

DalSi zkousenou moznosti plazmochemické redukdewkoroznich produkitje fyzikalni
rozpraSovani v plazmatu. Zdrojem plazmatu byla mtto pripadt mikrovinna trouba
(2,45 HZ; 1,3 kW), kterad bylaipojena k podtlakové konie obdélnikovym vinovodem.
Magnetické pole bylo generovano dvojici koaxialnicivek, které umaiobvaly zneénu
distribuce elektrofb a ionti v plazmatu. Pracovni tlak argonu sghém oSeeni pohyboval
mezi 10°-10* mbar (10—10" Pa). Drzak substratu {pnér 7,6 cm, tantalova deska) mohla
byt dynamicky polarizovan nezavislym RF zdrojem,§B63Hz, 300 W). Parametry plazmatu,
teplota, hustota a potencial mohly byémény v oblasti drzaku substratu Znou RF vykonu.

Po rozsahlém testovani byly vybrany tyto podmindélgoj nejlepsi pro efektivndisténi
artefakf:

= Elektronova teplot&kgTe~ 12 eV

= Elektronova hustotate~ 5 x 13° m
= Potencial plazmati/, ~ 25 V

» RF polarizani vykon: Ppias~ 40 W

Cistici cyklus se obvykle skladal zéi t40 minutovych expozic v plazmatu. V kazdé
expozici probihalo prvnich 30 minut bez RF polaz&a poslednich 10 minut probihalo s RF
polarizaci, aby se zabranilo nezadoucimehfivani artefaki vlivem dopadu energetickych
ionta.

Plazmochemické odeni bylo aplikovano na artefakty nalezené v krdtévdrobce
v Sipanu, které byly zhotoven&evazrt z medi, proto pro & byla charakteristicka zelena
patina, hlava oxidy a uhléitany medi, jako je napiklad kuprit, malachit, atacamit, atd.

Nalezy byly krond elektronové skenovaci mikroskopie s prvkovou ar@ly(SEM-EDX)
analyzovany nasledujicimi metodami [14]:
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= PIXE (Proton-Induced X-ray Emission): Pro analyzyybvybrané d¢ oblasti —
ocisténa a zkorodovanajfigemz analyzy byla realizovana jako ploSna. Tatoyaaal
potvrdila vysledky ziskané elektronovou spektroskdpdy gitomnost Cl, Si, S, Ca
a Fe. Srovnani spekter Zigt¢né a neosétné oblasti fednméta ukazalo, Ze matrici je
CI-Cu slokenina obsahujigadu stopovych prikz pidnich residui.

= RBS (Rutherford backscattering spectroscopy) vyajiiv protonové nebo alfa
paprsky: Povrchové slozeni artefaktu bylo 38% Cafo1Cl, a 46% kysliku, coz
potvrzuje kvalitativni udaje PIXE.

= |CP-MS (hmotnostni spektroskopie s indnk vazanym plazmatem s laserovou
ablaci): Byly analyzovanyfit rizné oblasti fednttu. Mezi nalezenymi prvky
oSeteného mista byly Pt, Pb, Hg, Na, Fe, K, Mg. Tytokprbyly analyzované
v hloubce 2Qum pod povrchem, ale nebyly nalezeny na jeho povrchu

= XRD (X-ray difrakce) Byly identifikovany vSechny yky detekované pomoci
piedchozich metod Ziskané vysledky ukazaly, Zze vivach koroznich produktse
souasre vyskytuje velké mnozstviuiznych krystalickych struktur, jejich detailni
piehled ale nebyl uveden.

4.1 Plazmochemické aparatury uzivané pro konzervaci v CR

Prvnim z&izenim vCR, kde bylo aplikovano plazmochemické @8et kovovych
archeologickych néléz bylo sestrojeno na pétku 90. let na #rodowdecké fakuk
Masarykovy univerzity v Br Zaizeni vychazelo zivodniho konceptu S. Véka.
| vtomto gipact se jednalo o skiény valcovy reaktor s dvojici Wjsich médénych elektrod
piipojenych na radiofrekveni zdroj o frekvenci 13,54 MHz. Teplota&hem oSeeni byla
sledovana pomoci rfového teplorru umiséného dovnit reaktoru. Na zdzeni byla
oSetena cel&ada originélnich f@dneta zhotovenych fevazie ze Zeleza. Velkou zakéazku
pak pedstavoval rozsahly souborfeddowkych stibrnych minci. Na jedné z nich byly
provedeny i detailni analyzy sloZeni a strukturstev koroznich produkt[15, 16].

Druhé zdizeni, ogt v podstat shodné konstrukce s konceptem S. iKapbylo dodano
so Stedaieského muzea v Roztokach u Prahy v roce 1996. Keaize stedisko oSébvalo
Zelezné (B max. teplot 150°C) a gibrné (@i max. teplot 180 °C) pedmety
v plazmatickém nizkotlakém vodikovém vyboji [17]e i§eneraci plazmatu je &pvyuzivan
vysokofrekvegni vyboj (27,12 MHz, 2,8 kW), elektrody jsou naijfi stra reaktoru.
OSeteni zeleznych jedneéta trvalo 5 hodin ptlaku 0,4 Torr (53 Pa) ve sisi vodiku
a argonu. Teplotarpdmetu byla sledovana rtevym teplonérem umistnym uvnit reaktoru.
Pavodre byly prednety oSetovany g 400 °C, kdy dochazelo k odstram chloridovych
iontd, ale u Zeleznych kalenych nastrofochazelo k popousti, ¢imz byla naruSena
metalograficka struktura kovu [18], proto byla nragini teplota nasledrupravena na vySe
zmirénych 150 °C.

V Metodickém centru konzervacei @ echnickém muzeu v B&nbyla sestrojena aparatura
pro plazmochemické o%eni kovovych pedmeti. Zakladni sotésti zdizeni je sklesny
valcovy recipient o vnihim piiméru 40 cm a délce 1,5 m, ktery je vyroben ze simékov
skla a obsahuje rost Zdmenného skla na ukladaniegdnetia. Valcovité nédéné elektrody

12



umisgné proti sob vné reaktoru maji délku 100 cm. Vykon zdjge RF generator Cesar,
maximalni vykon 5 kW, 13,56 MHz. Ziaeni je standar@nprovozovano v kontinualnim
rezimu @i vykonu 500 W (odrazeny vykon jdiplizn¢ 10 W). Vyboj je generovan ve $si
plyna 200 ml Ar, 200 ml H pri tlaku 40-50 Pa [19]. Podrobné detaily vlastnibiizeni jsou
uvedeny v piloze 4, zakladni vysledky jsou pak k nalezenitehpedu literatury kolektivu
autori této metodiky.

Na Fakulé chemické Vysokéhodeni technického v Benje provozovano a dale vyvijeno
laboratorni z&izeni, jehoz detailni popis je uvedeniilgee 5, jiz od roku 2004. Vysledky
ziskané na tomto pracovisti jsoudok dispozici v pehledu literatury kolektivu autdrtéto
metodiky, proto zde nejsou uvAL citace.

ZkuSenosti a detailni studiumiznych vlivi podminek oSéeni v plazmatu s vyuzitim
modelovych vzork i origindlnich gedméti jsou zakladem této metodiky. Vybrané vysledky
jsou pak uvedenyipmo jako gilohy této metodiky.

Jedinou metodou, kdy redukce vrstev koroznich gktidneprobihala uvnitnizkotlakého
reaktoru ale za atmosférického tlaku, bylo pouzifiazmové tuzky vyvinuté na
Prirodowdecké fakukk Masarykovy univerzity v Bra MiloS Klima se ve spolupraci
s Technickym muzeem v Bfrzabyval @inky plazmové tuzky na archeologické kovy a skilo.
Plazmova tuzka se skldda z plazmové tryskipguré systému plazmovych trysek, v nichz
byl buzen elektricky vyboj [20]. Vyboj je mozné ganvat stejnosgrnym, nizko-
frekvertnim, vysokofrekvetnim nebo mikrovinnym zdrojem né&p za velmi malého
dodavaného vykonu (jednotky aZz stovky W). PlazmamieZné generovat jak ve volné
atmosfée, tak pod hladinou kapaliny. Teplota plazmatu @eypovala v rozmezi 30-800 °C
v zavislosti na konstruki variant a pracovnich podminkach [21].
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5 Vlastni popis metodiky

5.1 Strucny popis experimentalniho zarizeni

Experimentalni zZdzeni pro aplikaci nizkotlakého plazmatu sestava&kiereného reaktoru
(recipientu), do &z se vkladaji vlastni oSetvané pednety na sklegny nebo keramicky
rost, gipadreé se uvnit zawsSuji. Reaktor je vybaven nejm&jednou odnimatelnouifpubou,
ktera slouzi ke vkladanir@dmeta. Z vrgjSi strany jsou k reaktoru umdsty dw elektrody
slouzici po gipojeni ke zdroji vysokofrekvemi energie (zpravidla o frekvenci 13,56 nebo
27,2 MHz) ke generaci vlastniho plazmatu. Cely &ysge kontinualé ¢erpan vhodnou
vyvévou tak, aby bylo mozno dosahnout tlaku nizSiho 1@&®a. Do reaktoru jsouipadeny
pracovni plyny, obvykle vodik a argonieg vhodné regulatory jejich fgoku. Nedilnou
souwasti celé aparatury je systém prairemi teploty vzork béhem plazmochemického
oSeteni, vhodné je i monitorovani procesu pomoci optieknisni spektrometrie. Detailni
konstrukce optimalizovaného izzeni je uvedena \fjoze 3, piklady dvou VCR provozo-
vanych zézeni jsou pak uvedeny ¥iphach 4 a 5.

5.2 Priprava predmétt pred aplikaci plazmochemického osetreni

Pred aplikaci plazmochemického a&sii fedmetu je nutné nebo vhodné proveésikalik

piipravnych krok, které jsou uvedeny dale:

» Provefte rentgenovy pizkum pedmétu navrzeného koSeni. Pokud pednet
neobsahuje kovové jadro nebo je-li toto jadro jerelmi malé, pedmet
z plazmochemického o$ehi vyadte a pouzijte klasické konzerrd postupy. Hrozi
totiz nevratna destrukcequmetu.

* V piipac, Ze se ve vrstvach koroznich produktyskytuji organické zbytky a jejich
otisky, detail@ je zdokumentujte a pkvé zvazte jejich historickou hodnotu.
Odstrarnim vrstev koroznich produktotiz tato informace bude zw@na. V gipac, Ze
jsou tyto stopy vyznamne, fev ¢ zvazte vhodnost aplikace plazmochemickéhoregét

» V piipadré rekonzervaceiedntta je pongrné zasadni odstranit povrchové vrstvgzhs
vosky, pryskyice, tanaty). Vdchto gipadech aplikujte nasledujici postupy:

— Pro gedméty oSetené metametylakrylatova prysige (nag. Paraloid - jedna se
o reverzibilni povrchovou Upravu, prysige se nandsi vroztoku organickych
rozpoustdel) se pouzZije pro odstram této vrstvy organickych rozposdel,
nagiklad acetonu, Xxylenu, toluenu. Pro urychleni asmi filmu se pouziva
ultrazvuk.

- Vosky, varianta ¥eliho vosku v benzinu je dreverzibilni. Odstrami provadime
odmas&nim povrchu, ideakrozpou&tdlem obsahujici vosk.

— Mikrokrystalicky vosk, ropné frakce uhlovodiks pidavkem inhibitoii koroze
a pridavnych stabilizénich gisad jsou fire reverzibilni, tvé adhezni filmy, které se
téZko odstrauji z povrchu — nutné je vyuziti sdji$ich organickych rozpoustel.

- V piipad, Ze je pedntt oSeten tanatem (coz je komplexni stemina, ktera je i za
béZnych podmineléast&né rozpustna ve vaqd je postup nasledujici, protoze jeho
stabilita a jeho rozpustnost je silzavisla na pH. Dale se rozpousti uz v mi#n
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N 1

zasaditém pH. VysSi teplota urychluje odstrdrianatove vrstvy, proto se jako idealni

ukazuje vyuziti mirdé alkalické vody a ultrazvuku za zvySené teploty. ZMiasti je

i rozpousni v ¢istém etanolu — dehydratace vrstvy.
Odstraite hrubé néstoty z povrchu fedmétu jemnym kartékem
Predmet vysuste. Pro suSeni je nejvheépin umistit gedmét do susarny a suseni realizovat
pii teplo€ 60—-80°C po dobu miniman4 hodin, u pedméta s bohatou inkrustaci je
doporiena doba suseni nejnéd hodin. K suseni Ize vyuZzit i vakuovou suSarntgnato
piipadt je maximalni vhodna teplota jen 60 °C a neni vigotak snizovat pod 10 kPa
(desetina atmosféry), nebpak dochazi vlivem odpavani k zamrznuti vody a zér@ému
prodlouzeni procesu suSeni. Navic vznikly letizennegativa naruSit strukturu vrstev
koroznich produkt, coz miZze nasled# zagicinit poSkozeni jadraipdnetu. Ze stejného
duvodu neni vhodnéipkratovat teplotu 80°C, aby nedoslo K@ rychlému odpsovani
vody s obdobnymikledky.
Po vysuSeniiednet znovu @istéte jemnym kartékem.
Bez dalSich prodlevistupte k plazmochemickému ofati, aby na povrchuiednttu
nesorbovala vzdusna vihkost.

5.3 Postup plazmochemického osetieni predmétl

Presny postup plazmochemického #8et je sil zavisly na pouzitém ¥&eni, protoze je
podmirén existenciidiciho softwaru a tim, které prvky jsou ng§ napojeny. Proto jsou zde
uvedeny zakladni obecné rysy, detaily ovladanisgckde kdy &im zapina a vypind) jégba
realizovat podle navdada uZivatelskych iprucek konkrétnich systéimpro plazmochemické
oSeteni.

Pripevnste k oSatovanému pednetu ¢idlo pro nefeni teploty pomoci nerezoveho dratku,
pasku nebo mineralni niti.

Béhem procesu ser@dntty zalivaji v zavislosti na svém tvaru a hmotnosti. Rggilge
zahiivaji malé ploché ifdméty, velké objemové iedmety se zakhivaji pomaleji, ale
dosahuiji vysSich teplot. Proto, je-li sasré oSetovano vice pedneta z téhoz materialu,
pripojte dw nezavisl&idla na nejmensi a negjisi oSetovany gedntt. Detaily o zali-
vani gednmeta jsou uvedeny vifloze 2. Volitelrg I1ze nefenim teploty osadit libovolny
pocet dalSich gednita podle moznosti z&eni.

Je-li sodasré oSetovano vice pedmeta zhotovenych z rozdilnych matefialprovelte
oSetovani gredmta ze stejného materialu.

Predmty umistte na roSt nebo zésny systém tak, aby mezi nimi vzdy byla vzdalenost
minimalré 2 cm. Respektujte skutigost, Zze po umishi do reaktoru musi byt vSechny
piedmety v oblasti vymezené ¥simi elektrodami.

RoSt s pednety nebo zavsny systém zavite do reaktoru.

Reaktor uzakete a zkontrolujte zejméndipojeni vSech saidsti vazanych na odnima-
telnou gFirubu a funknost n&rica teploty.

Reaktor vy¢erpejte pimo (nikoli pres ipadreé instalovanou vymrazovu) na tlak nizsi
nez 30 PaCerpani niZe trvat i deldi dobu, protoze zejména i@dmsta s bohatou

15



inkrustaci je velky &inny povrch, a proto desorpce vzduchu z povrchdigetha. Pokud
je po dvou hodinacherpani tlak vyssi nez 30 Pa a dale neklesa, jedgpadobné, Ze byl
reaktor Spath uzawen. V tom pipact zkontrolujte &snost odnimatelnétipuby. Pokud
problém getrvava, je nutné zkontrolovat cely vakuovy systém.

Otevete tlakové lahve s procesnimi plyny a zkontrolmgejejich reduknich ventilech
vystupni getlak. Ten by rél byt v rozmezi 50-300 kPa (0,5-3 atmosféry).

Je-li to mozné, nastavteridicim programu vSechny parametry procesu (tlaktopy
plynia, maximalni teplotu, dodavany vykon, rezim vybo}ertinualni nebo pulzni),
sttidu). Pokud systém neni vybaveigicim programem, prodi#e vSechna nastaveni
manuali@ na jednotlivych gistrojich.

Je-li k dispozici spektrometr pro monitorovani peg, nastavte parametry snimani
spekter. Jako dopotané je snimani igdnich hodnot zaas 10 sekund, aby byly
potlaeny @gipadné kratkodobé fluktuace vyboje a vlifidy v pulznim rezimu vyboje.

Pro plazmochemické osehi Zeleza, ¥di a stibra je maximalni akceptovatelna teplota
béhem plazmochemického oBati 180 °C, v fipadt slitin meédi (bronz, mosaz), cinu,
olova je maximalni teplota 120 °C. U dalSich kawnaximalni teplota dosud stanovena
nebyla, proto jereba se drzet teploty 120 °C.

Je-li véerpacim systému tazena vymrazowka, zapste jeji chlazeni nebo ji zafie
pevnym CQ (suchy led) nebo ji zalijte kapalnym dusikem atiwpiepojte tak, aby byl
reaktorcéerpan dale f&s vymrazovéku.

Spuste program pro vlastni plazmochemické t&eit V gipadt manualniho ovladani
systému naied zkontrolujte tlak, mitoky procesnich plyin a teprve po té zapte
generator.

Béhem plazmochemického oBeti kontrolujte pikbézné vykon, teplotu pednety, tlak,
pratoky procesnich plyin integralni intenzitu zZé&ni OH radikalu, ppadreé i dalSi
parametry. V fipact pcitatem fizeného systému jsou tyto parametry sledovany
automaticky, pesto je vhodné je minimaipednou za 30 minut kontrolovat.

Pokud se teplota alespgednoho z oSébvanych pedneta zaina blizit maximalg
povolené hodneét (mére 10 °C do maximalni hodnoty), sniZzte v kontinualniezimu
vykon generatoru o 10% nebo v pulznim rezimu srsfdu o 10%. TotéZ opakujteip
dosazeni teploty 0 7, 4 a 2 °C nizSi nez povoleagimmalni teplota. Timto postupem by
melo byt zardeno, Ze nedojde kipkrateni maximalni povolené teplotyiqumétu.

U systéni fizenych poitacem je tento proces implementovaiidicim programu.

Proces plazmochemického d&eili je mozné povazovat, jak jiz bylo uvedeno vy&e,
ukoneny, jestlize integralni intenzita teéi OH radikalu klesne na desetinu svoji
maximalni hodnoty. V fipad, Ze se maximum neobjevuje nebo jeiaédné, ma smysl
plazmochemické oS&ni ukorit po 180 minutach. Pokud #aeni neni vybaveno
monitorovanim  pomoci  optické  emisni  spektroskopielkoniete  proces
plazmochemického o&enhi piblizné po p@ti aZz Sesti hodinach. Na dobu
plazmochemického o&eni nema vliv velikost jednttu, ale mnoZzstvi koroznich
produkiti a struktura povrchu, zejména pak inkrustace.
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* Po vypnuti generatoru t{giz automaticky nebo manud@nje tteba od systému odpojit
vymrazov&ku (byla-li pripojena) a nechat ji zaft na teplotu okoli. Po té ji otiste
a nechte odstravat.

* Vypnéte piivody procesnich plyina uzavete ventily na jejich tlakovych lahvich.

* Reaktor zavzduste, pipadré napuste inertnim plynem (dusik technickiéstoty) na
atmosfeéricky tlak.

» Otewete fFirubu a vyjnéte rost nebo zagny systém s oS§etvanymi gedmnety.

» Odpojtecidla pro n&teni teploty a oS&tné gednety ulozte v souladu s aktudlmplatnou
metodikou.

* Vypnéte ostatnitasti zaizeni.

5.4 Osetieni predmétti po aplikaci plazmatu

Po oSateni v plazmatu povrchipdmeta ocistéte jemnym kartékem. Pokud vSe probihalo
spravig, mely by vrstvy koroznich produliti s inkrustacemi snadno odpadavat. iippct
potreby Ize pouzit i dalSidiné postupy pro odstfavani vrstev koroznich produktOSeteni
pomoci plazmatu zpravidla nevede k odstrarvrstev koroznich produktv jediném kroku
(po jediné aplikaci procesu). Proto podle stavutieggch pedméti zvazte opakovani
plazmochemického o%eni podle bodu 5.3 této metodiky. K Uplnému odsimarvrstev
koroznich produki maze dojit po ¥tSim pa@tu aplikaci plazmochemického procesu (az 10).
Je nutné zitaznit, Ze zejména uigdnéta s povrchovou vrstvou uSlechtilé patiny je
vhodrgjSi vrstvy koroznich produktodstraiovat pomaleji a ve vice krocich, aby uSlechtila
patina nebyla naruSena nebo dokonce odsteanProto v fipad oSetovani gedmeti
zhotovenych zejména zd&ah a jejich slitin je vZzdy nezbytné po kazdém krgiailivé zvazit,
zda je vhodné v plazmochemickém o8ef dale pokréovat.

DalSi oSeteni gedntu Ize jiz realizovat podle klasickych konzervatorskstauratorskych
postup.

5.5 Reseni odpadt z procesu a dalSich negativnich vliv

Pfi procesu plazmochemického ods&tadni vrstev koroznich produkt z povrchu
archeologickych naléznevznikaji gimo Zadné nebezpee odpady. Festo je nutné zminit
zasady nakladani s vystupy procesu.

Vlastni zdizeni pro plazmochemické oati, jak je uvedeno vifoze 3, je nezbytné
opatit stirknim v podob Farradayovy klece. lips to niize dochazet k slabému vyagani
elektromagnetické energie do okoli, a proto by thkzzmi nenily piistupovat osoby
s kardiostimulatory a&hotné Zeny.

V nékterych gipadech mze také dochazet k negalvidatelnym pulim vracejicim se do
elektrické si, které mohou nahodrposkodit jina elektricka z&eni. Proto je vhodné celé
zaizeni od elektrické sitgalvanicky oddlit. Pri praci s tlakovymi lahvemi je nezbytné
dodrZovat vSechna bezpwstni pravidla podle vyhlasky: 48/1982 Sb., kterou se stanovi
zékladni pozadavky k zaj&ti bezpénosti prace a technickych iZzeni, a norem
CSN 01 8003 (Zasady pro bezpeu praci v chemickych laboratoh) a CSN 07 8304
(Tlakové nadoby na plyny — Provozni pravidla). Zéjra je nutné byt obsztni i préci
s vodikem (viz detaily uvedené vyse).
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Plyny vystupujici z vy®vy jsou kEhem procesu jen v malém mnozstvi, navic pokud je
zarazena vymrazov&a jsou i neSkodné, je ale nezbytné zajistit jejochtah do vajSiho
prostedi, protoze byi dlouhodobém provozu mohlo dojit k hrongad vodiku v uzakeném
prostoru.

Material odpadly z plazmatem ofatych vrstev koroznich produkta inkrustaci je
neSkodny a lze jejdiné skladkovat spolu se stavebni suti nebo zeminou.

Kovové Spony z vymrazovhy, které je nezbytné, nejm&pednou za fil roku vymenit,
predstavuji Bzny netoxicky kovovy korodovany material, ktery Iseyklovat. S ohledem na
jeho minimalni mnozstvi jej Izefiolat ke kovovému odpadu 2Znych dilen.
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6 Popis uplatnéni Certifikované metodiky, informace, pro koho je
urcena a subjekty, se kterymi bude uzaviena smlouva o vyuziti
vysledku a jakym zplisobem bude uplatnéna

Metodika je uéena pro pouZziti v oblasti konzervace/restaurovéctienlogickych kovovych
nalezi bez ohledu na pouzity material objiekProces konzervaceripaplikaci metody je
podstatg rychlejSi a Setr§)Si vici predmetam a dilezita je i jeho pouzitelnost pro stasné
oSeteni WtSich soubar prednEtta a nizSi naroky na lidskou silu, thye k obsluze zZdzeni
nutny specialé proskoleny personal. Metodika je tedy¢ema pro konzervatorské dilny
a pracovi&t muzejnich instituci zabyvajicich séedevsim saréai konzervaci vice kovovych
artefaki najednou. ProtoZze je k aplikaci metodiky nezbytpémerné sofistikované,
v idedlnim pipac plné¢ potitatem tfizené, tedy relativhdrahé (péizovaci naklady od cca
1 milionu K¢ vyse), zéizeni, je realny peet uzZivateh omezeny. V satasné dob vhodné
zaizeni vCR aktivrs provozuji pracoviét Metodického centra konzervacé fechnickém
muzeu v Brg a pracovidt predkladatel metodiky. PRilezitostr® je, pokud je znamo,
vyuzivano i z&izeni na Eirodowdecké fakuk Masarykovy univerzity v Bra V minulosti
bylo obdobné zdzeni vyuzivano i ve 8#¢daieském muzeu v Roztokach u Prahy.

Smlouva o vyuziti metodiky bude uzawma s Metodickym centrem konzervace, protoze
toto centrum, jak jiZz nazev napovida, #eStje metodickétizeni konzervatorsko-
restauratorskych praci vrame&iR a sodasré disponuje i odpovidajicim technickym
zarizenim pro praktickou aplikaci metodiky.

V piipact zdmu ze zahradi neni problém metodikuigloZit i do angltiny, protoZe ve
swté, pokud je znamo, obdobna metodika neexistuje aéb\paiet organizaci, kde je
plazmochemické oS&ni kovovych nalezvyuzivano, je velmi omezeny.
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9 Prilohy

9.1 Protokol plazmatem oSetfovaného predmeétu

Nazev pedmétu

Material gredmetu

Identifika¢ni ¢islo predmetu

Prabéh oSeteni

Datum oSeaeni

SlozZeni plyr (pratok) Hy/Ar

Vykon

Stida

Maximalni teplota Bhem oSeaeni

Doba oSaeni

Predmet oSetoval(i)

Rozmeéry predmetu

Hmotnost pedmetu pred oSeatenim/po
oSeteni/po odstraimi koroznich
produkfi

Neobvyklosti Ehem oSeeni
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9.2 Vybrané vysledky ziskané béhem plazmochemického osetreni
modelovych vzorku

viv s

laboratorg vytvorenych vrstev koroznich produkna zakladnich materidlech (Zelezasdmn
bronz a mosaz), z nichz jsou zhotovengdmety nalézané i archeologickych vyzkumech.

Vliv stiidy vyboje na odstraiovani vrstev koroznich produkti a zahtivani
piredmeéti

V téchto studiich bylo vyuzito modelovych vzdrkna nichZz byly fipraveny souasré
identické korozni vrstvy. Jednotlivé vzorky pak yoybodrobeny oSégni v plazmatu za
razného dodavaného vykonu a za pouitiné stidy vyboje. Nasledujici tabulky shrnuji
vysledky ziskané pro zakladtyii materialy. V tabulkach je vZzdy uvedena maximébplota
vzorku kEhem oSatni a barewh je odliSeno, jak probihala degradace vrstev kdabzn
produkti. Zlutou barvou jsou oziany podminky,  nichZz dochazi jen k malému nebo
zanedbatelnému odbourani vrstev koroznich prdduit druhou stranu je Wit] Ze ve vSech
téchto gipadech byla teplota velmi nizka. Yipads ¢erveného podbarveni byla pozorovana
dobra degradace koroznich prodykiale dosazena teplota byldilis vysoka, a tedy
neakceptovatelna. Zelenou barvou jsou pak Wema podminky, kdy dochazelo k celkem
dobré redukci vrstev koroznich prodiukd ani maximalni teplota¢bem procesu népséhla
akceptovatelnou hodnotu.

Tab. P2-1. Maximalni teploty vzark(°C) Zeleza, jejichz korozni vrstvy bylyigpavené
v atmosférach kyselin (sirova, dirsk, chlorovodikova) [P2-1]

Stiida
25% | 50% | 75%
S| 100w | 55 85 105
2| 200w | 75 105
300W | 90 115

400 W 105

Tab. P2-2: Maximalni teploty vzark(°C) medi, jejichZz korozni vrstvy bylyFpravené
v atmosférach kyselin (sirova, dirsd) [P2-2]

Korozni Strida
prostiredi = 25 % 50 %
< 300 W 58 95
=
H25Cy > 400 W 85 -
HNO; 300 W 104 -
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Tab. P2-3: Maximalni teploty vzark(°C) bronzu, jejichz korozni vrstvy bylyigravenée

v atmosfée kyseliny sirové [P2-3]

Tab. P2-4: Maximalni teploty vzark(°C) bronzu, jejichz korozni vrstvy bylyigravenée

v atmosfée kyseliny chlorovodikové [P2-3]

Stiida
25% | 50% | 75% /| 100 %
S| 50w 40 58
2| 100W | 56 71
200W | 67 96
300W | 68 102

Vykon

Stida
50 % 75 % 100 %
50 W 59 74 86
90 106

Tab. P2-5: Maximalni teploty vzatrk(°C) mosazi, jejichz korozni vrstvy bylyigravené
v atmosfée amoniaku [P2-4]

Strida
25% | 50% | 75%
S| 100W | 60 108
2| 200w | 83
300W | 102
400W | 121
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Obr. P2-1: Zavislost maximalni teploty o&®taného modeloveého vzorku mosazi na vykonu
a stide (duty cycle).

Obrazek P2-1 jagndokumentuje skutmost, Ze {i stejné stedni hodnat vykonu je zakivani
oSetovaného pednttu nizsi, pokud se pouzije vysSi dodavany vykonulzmpim rezimu,
idealre s malou hodnotou istly.

Vliv rozm éra oSefovaného gedmétu na jeho zahtivani

V dalsi sérii studii byla sledovana zavislost téplona velikosti vzorku &hem
plazmochemického odeni. K nefeni byly pouzity nezkorodované kovy v podotizné
dlouhych kué pasoviny (§ka 50 mm, tlou&a 5 mm). Druha série pak obsahovaleda
vznikla rozezanim valcové te, jak je ukdzano na obrazku P2-2. Ve vSeidphadech byl
k meeni teploty Bhem oSdeni umisin termalanek dovnit vzorku do otvoru o gimeéru
1 mm a hloubce 5 mm.

fﬂzﬁ\ AN
\\SL// e C /{/

Obrazek P2-2: Schéma r@zaného véalce, vzatld, B, C, D, E.
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Tab. P2-6: Rozéry testovacich objemovyc#ids pouzitych pro tuto studii

Nazev Rozméry vzorku (mm)
vzorku a b C d

A 10,0 17,7 11,9 -
B 10,0 | 32,1 12,3 -
C 10,0 | 60,6 7,7 62,7
D 10,0 | 59,1 | 21,3 -
E 10,0 | 52,3 17,9] 62,9
F 9,0 63,0 - -
G 250 | 63,0 - -
H 39,0 | 63,0 - -

VSechny vzorky byly oSs&tvany véist¢ vodikovém plazmatu tfpvykonu 300 W
v kontinualnim rezimu. Vysledky jsou v tabulkach-P2a P2-8. V fipact bronzu se
nepodéilo zajistit pasoviny, a proto jsou v tabulce P2n8deny jen vysledky pro objemoveé
predmety. Vysledky ziskané pro mosaz jsou pak shrnugbultkach P2-10 a P2-11.

Tab. P2-7: Zavislost teploty prazné hmotnosti vzofkz roz:ezaného @deného valce

vzorek A B C D E F G H
Hmotnost vzorku [g] 11 18 51| 101 65 272 631 1014
Maximalni teplota [°C] 181 178 173 183 176 198 2012
Tab. P2-8: Zavislost teploty n&ané hmotnosti adenych pask
Délka pasku [cm] 1 2 4 8 16
Hmotnost vzorku [g] 5 10 21 43 85
Maximalni teplota [°C] 168 170 175 135 14(7

Tab. P2-9: Zavislost teploty pr@azné hmotnosti vzodkz roz:ezaného bronzoveho valce

vzorek A B C D E F G H
Hmotnost vzorku [g] 10 19 49 104 87 288 721 1120
Maximalni teplota [°C] 149 142 147 150 146 158 15959

Tab. P2-10: Zavislost teploty prazné hmotnosti vzoikz rozezaného mosazného valce

vzorek A B C D E F G H
Hmotnost vzorku [g] 11 27 40 78 9( 293 535 1046
Maximalni teplota [°C] 150, 147 158 176 179 190 19107
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Tab. P2-11: Zavislost teploty ndané hmotnosti mosaznych pask

Délka pasku [cm] 1 2 4 8 16
Hmotnost vzorku [g] 5 10 20 40 79
Maximalni teplota [°C] 168 167 172 182 198

VySe uvedené vysledky ukazuji, Ze maximalni teptiiisazenadhem plazmochemického
oSeteni je silk zavisla na pouzitém materidlu i rofmrech a tvaru oSitvaného pednetu.
Proto je nezbytné Rinto skuténostem pihlizet pii oSetovani jednotlivych pedneta a v i-
padt sowasného ossbvani vice pednetu je treba dodrzovat body metodikyénované
méteni teploty.

Vliv inkrustace na zafivani modelovych vzorkje detailré popsan v praci [P2-5], ktera je
soutasti grilohy ¢islo 6.

Reference
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P2-5
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Vliv celkového dodavaného vykonu a pitoku pracovniho plynu na
homogenitu plazmatu ve velkém zéizeni v Technickém muzeu

Dulezitym parametrem procesu je péév stabilitu a intenzitu plazmatu v rozsahu gom
koncentraci pracovniho plynu vodik/argon v zavislog vykonu jak v kontinualnim tak
i v pulsnim rezimu (vykon 100 — 800 W, krok 100 V@elkovy pracovni pitok plynu je
nastaven pro aparaturu Zivdu udrzovani hodnoty tlaku (70 Pa) na 400 mli/niBylo
realizovano 5 sérii seni.

SloZeni pracovniho plynu Rozsah vykonu

100 ml vodiku + 300 ml argonu|  Kontinual 150 - 80Q MiraZzeny vykon 1 - 23 W
200 ml vodiku + 200 ml argonu|  Kontinual 120 - 800 dilraZzeny vykon 1 - 25 W
300 ml vodiku + 100 ml argonu|  Kontinual 100 - 800 ddlraZzeny vykon 1 - 25 W
400 ml vodiku + 0 ml argonu Kontinual 105 - 800 ddrazeny vykon 1 - 25 W
400 ml vodiku + 0 ml argonu Puls 105 - 800 W, odrgzvykon 1 - 123 W

gl (bW N (-

V rozsahu aplikovaného vykonu 100 a 200 W byld y®ech sériich plazma p@nmé
nestabilni. V pipact nizSiho obsahu vodiku v pracovnim plynu pak vydile pulsoval, pi
pratoku cistého vodiku pak v této oblasti vykonu dokoncesahal. DalSim sledovanym
faktorem byla homogenita plazmatu v objemu reakt@ai vykonu 300 W je plazma vizuéin
homogengjSi v celé délce mezi elektrodami ne& mpizSich vykonech. Stabilni rezim
v kontinualnim vykonu tedy dosahujeme po vizuélnighodnoceni f hodnotach od 300
do 800 W. Celko¥ Ize konstatovat, Ze homogenitu plazmatu pozitionliviiuje pitomnost
argonu.

Energeticka homogenita plazmatu — teplota objem#Sich piredméti
v pribéhu oSefeni na velkoobjemovém zéizeni v Technickém muzeu

Homogenita generovaného plazmatu jéleditym parametrem pro kvalitni osemi
objemného mnozstvi archeologickych vzorkStanoveni homogenity interakce plazmatu
s oSetovanymi edmety bylo provedeno realizaci opakovanych experirnentieni teploty
vzorku s nestejnou polohou vzdrKpro lepsSi kontaktisté kovové vzorky) na podlozkach
v aparatie. | kdyz je délka skle@mého recipientu 1,5 m, je vizuélrpatrné, Ze plazma je
nejz&ivejSi v Uzkeé oblasti vymezené prostorem mezjj$imi medénymi elektrodami. Je tedy
pongrné dalezitym uUkolem prostudovat intenzitu &ignost plazmatu v celém recipientu,
neba’ je zde pima souvislost s planovanym vyuzitim aparatury koozervovani $tSich

a objemgjSich gredmeti. Jako sledovanou oblast objemu recipientu jsmealylbe snéru
osyy usek, ve kterém seagkryvaji olg elektrody (délka 95 cm, viz obr. P2-3). Ve&mosy

X je pak jedinym omezenimésia recipientu. V saiasném usp@dani systém umagje
umistit gredméty pouze do $edu aparatury (ve vertikalnim gm) na sklesinou podloZzku.
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Sklenény recipient

Elektroda 100 cm K\

A\ Vakuometr
osax TermoBit VIM1.1
-10cm|
viko Ocm
Ocm '
osay 95cm
10cm4

L 1
Elektroda 100 cm / / Ny Solenoidovy vak. ventil

Obr P2-3: Skleeny recipient (pohled shora) a umidst vzorlé pro studium homogenity jejich
zahfivani
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Obr. P2-4: Porovnantasového vyvoje teploty modelovych vaanknistnych do fiznych
casti reaktoru Bhem osSe®ni v plazmatu

M¢éteni potvrdilo vizudlni pozorovani. Néat teploty vzorku je pomalejSi a konstantni teplota
vzorku po 1 — 1,5 h provozu izzeni je nizSi v fipad umiseni vzorki do okrajovychc¢asti
skleréného reaktoru (bod 0;0 a 95;0). Rozdil hodnofipart posunu vzorku po ose byl
minimalni. Série &chto n¥feni byla opakovana pro &eni ziskanych vysledk Obdobné
experimenty byly provedeny i s realnymi vzorky,@hota maximalni dosazené teploty byla
sledovana i p vSech ostatnich zkouskéach.

Lze tedy shrnout, Ze i kdyZz dochazi k neroviiordmu prokivani opracovavanych vzark-
nejen z dvodu polohy vzorku, ale i zisodu typu vzorku disty kov, korodovany vzorek),
rozdil neni nikterak zasadni pro fumlost a aplikovatelnost #aeni. Meteni teploty,

v piipact, Ze je oSébvano soutZzné vice vzorki a neni k dispozici vicekanalovéétrani
teploty, je teba umistit vzdy do blizkostifetlu reaktoru, aby nebylygsazeny maximalni
bezpeéné teploty Bhem oSdeni.
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Aplikace vodikového plazmatu pro oSdteni originalu historické mince

Nasledujicictverice obrazk ukazuje aplikaci plazmatu na historickou minci akBusko-
Uhersky krejcar, nalezeny na zahrgddnoho z autdr metodiky. K oSéeni v plazmatu byl
pouzit optimalizovany postup se zachovanim tepllatyl 30 °C. Z obraZkje jasr patrné, Ze
Ize zachovat i vrstvu uSlechtilé patiny. Jeji nanisha vyvySenych mistech reliéfu razby neni

v dasledku plazmochemického ofati, ale je zfisobeno naslednym &id&t'ovanim povrchu
netkanou textilii.
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9.3 Optimalizovana konstrukce zarizeni pro aplikaci plazmatu

Ackoli bylo v minulosti odzkouSeno¢kolik konstrukci plazmochemickych aparatur pro
redukci vrstev koroznich produkina kovovych archeologickych néalezech (vieqrhozi
¢ast), naprosta&sSina sodasnych z#zeni vychazi ze zakladniho konceptu navrzenéhb pro
Veprkem. Na zaklad dlouhodobych zkuSenosti a detdji znalosti proces k nimz kEhem
plazmochemického o%eni dochéazi, je ale vhodné realizovatiizeni podle konceptu
predstaveného nizefipemz ¢ast dopihki neni k provozu nezbytna, ale je vhodné je do
systému implementovat. Detailni popis dvou véssmosti VCR provozovanych aparatur
s jednotlivymi pouzitymi komponentami je uvedentil¢hach 4 a 5.

Zakladni schéma systému je zobrazeno na obr. P3-1.

PC

Obrazek P3-1: Zakladni schémariz&eni pro plazmochemické o®eti archeologickych
nalezi. Sed jsou uvedeny volitelné s¢asti zaizeni, které vyznardzlepsuji uzitnou hodnotu
zarizeni.

1 — tlakova lahev s vodikem; 2 — uzaviraci ve@IN(OFF); 3 — regulator hmotnostniho
pritoku; 4 — tlakova lahev s argonem; 5 — uzaviracntive(ON/OFF); 6 — regulator
hmotnostniho pitoku; 7 — zavzdu®vaci ventil; 8 — automatickyzpisobovacilen; 9 — RF
generator; 10 — systém proeéreni teploty; 11 — @dené elektrody; 12 — sklény rost;
13 — oSetovany gedmet; 14 — valcovy reaktor z‘Rmenného skla; 15 —+émenny opticky
kabel; OES — opticky emisni spektrometr; 16, 17uleue ventily; 18 — roteni olejova
vywva; 19 — tlakova wrka; 20, 21 — kulové ventily; 22 — vymrazeka s hlinikovymi
Sponami; 23 — regulator hmotnostnihaifoku; 24 — uzaviraci ventil (ON/OFF); 25 — nadoba
s absorbérem vlhkosti nebo tlakova nddoba s in@rliynem, pap se suchym vzduchem

9.3.1 Plazmochemicky reaktor

Jadrem celého systému je vlastni plazmochemickktogaktery je zhotoveny z tvrdého
skla (Kemen, Pyrex, SIMAX), ficemz rozndry reaktoru mohou byt od 10 do 40 cm
v praiméru pii délce zpravidla 80-200 cm. Rozm reaktoru ukuji, jak velké pednmety nebo
kolik predméti miZze byt oSdbvano sotasré. Reaktor je vybaven dvojici kovovychimub
(hlinik nebo nerezova ocel), z nichz nejiagedna je snadno demontovatelnd a slouzi
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k vkladani oSe¢bvanych pedneti. Na jedné strahreaktoru je vstup plyin na druhé pak
vystup docerpaciho systému, cely systém je tedy provozovgmytekovém rezimu. Z wSi
strany reaktoru je na & valcového reaktoru umista dvojice kovovych elektrod
(s ohledem na zpracovatelnost a elektrické pargmdealre zhotovenych z gdi), které
mohou, ale nemusi byt chlazené. Elektrody jsou vgla instalovany podéth a jejich
vzdalenost od ifrub ¢ini minimalre 5 cm, stejd tak, jako vzdalenost mezi éia
elektrodami. Fixace elektrod k reaktoru je obvytd8ena mineralni (n&pskelnou) niti, aby
byl zajis€n kvalitni gitlak elektrod ke sham reaktoru. Uvnit reaktoru byva hdi rost
z nevodivého materialu (sklo, keramika), a nebdémgsze stejného materialu pro Zaeni
predmétu. Predn®ty jsou umigovany pouze do prostoru vymezeného elektrodamilinik
mimo ngj (viz dale).

Na prednity Ize principial@ prikladat i kladné nebo zapornéeplti v rozmezi +600 V,
kterym Ize regulovat energii a hustotou ibdbpadajicich na povrch oBataného pednetu.
Pro jeho aplikaci je nutné zajistit vysokogégmvou phaichodku do reaktoru a dale kvalitni
vodivy kontakt s pedmétem, coz je ale vifpadt predméta pokrytych vrstvou koroznich
produkti (zpravidla je&t s inkrustacemi), jen obti2rrealizovatelné. Lze alef@dntt obalit
do vodivé siky, ktera je na fedpti pripojena. Na zakladzkuSenosti s aplikacirgdpsti se
ale tato moznost nejevi jako ¥Amé praxi pouziteln4 s ohledem na technickou dréost
(dalSi regulovatelny zdroj nap, prichodka, manipulace ggdnmetem) a ponarné maly vliv
na vlastni proces.

9.3.2 Plynové hospodarstvi

Cely proces je realizovan v plazmatu generovanéptynné smdsi na bazi vodiku.
V malych laboratornich aparaturach je zpravidla méogyuzitéisty vodik (technick&istota
99,9%, ozn&eni 3.0) nebo jeho sfm s argonem (@b post&uje technick&istota 99,99%,
ozna&eni 4.0), optimalni poem vodiku a argonu je v rozmezi 40 — 60%. Vyuzijinpié snisi
je nutné v pipact velkych aparatur ztovodu stability vyboje p nizSich energiich plazmatu
potrebnych pro udrzeni dostare nizké teploty oSébvanych pedneta (viz dale). Plyny Ize
do systému davkovat duodctler¢ (kazdy plyn ma svoji samostatnou davkovaéiev),
anebo je mozné pouzit konmer snts obou plyid. Davkovani plyd je feSeno obvykle
regulatorem (regulatory ipact oddleného davkovani plyr) hmotnostniho mitoku, ktery
zaji¥’uje stabilitu pitoku bthem celého procesu a Ize jej navic ovladatidiciho softwaru
(pokud je k z&izeni vyvinut), nebo lze pouzit manualni davkoabiovy ventil doplgny
meticem pitoku (nap. plov&kovym rotametrem). V obou ffpadech je s ohledem na
bezpénost zdizeni naprosto nezbytné tgal jednotku regulujici ftok zaadit
elektromagneticky ventil typu on/off, ktery je befivedeného nafti uzawen. V gipad
vypadku elektrické energie tak néke dojit k uniku vodiku do #&eni se vSemi
potencialnimi nasledky (aZ po moznost vybuchu).

Velikost celkového pitoku plyni se pohybuje v rozmezi od 50 ml/min u malychizeni
do 1 litru/min u velkych zzeni, podle toho jeeba volit rozsahy pouZitych komponent.

Tlakova lahev s plynnou sisi nebo tlakové lahve s ofldnymi plyny musi byt op&tny
standardnimi pro dané plyny certifikovanymi re¢hilkni ventily. Vlastni tlakové lahve musi
byt umisény v souladu s aktuanplatnymi bezpénostnimi gedpisy, ideald ve vrgjSim
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prostedi mimo budovu nebo v oélvavané bezpmostni skini. Propojeni vysokotlakéasti
(mezi tlakovou lahvi po regulator hmotnostnihdtpku nebo davkovaci ventil) musi byt
provedeno Vv nerezovych trubkédch, kjejichz spojovée pouZzit kompresni Sroubeni
(Swagelock, Let-lock). dsnost potrubi je vhodné nejm€mednou za 6 ®sial prowfit.
Samostatny jivod musi byt realizovan pro zavzd&g8n aparatury po ukaeni
plazmochemického oehi. V tomto pipadt u malych aparatur posige jednoduchy rené
ovladany zavzdufovaci ventil, u ¥tSich zaéizeni pak elektromagneticky ventil s plynulou
regulaci. K zavzdu@mi aparatury je mozné pouZzit vzduch, ktery je adledné pedem zbavit
vihkosti nap., prichodem pes molekularni sito (to jeeba v souladu s pokyny vyrobce
pravidelr® regenerovat) nebo inertni plyn (dusik, argongkdVvé lahve (v tomtoifpact je
opét nezbytné dodrzovat vSechna pravidla pro nakladanstléenymi plyny v ocelovych
lahvich).

9.3.3 Cerpaci systém

K ¢erpani systému je postgici dvoustugpiova rot&ni olejova vyeva, pipadre Ize vyuzit
suchou vy¥vu s obdobnowerpaci rychlosti a meznim tlakem v Urovni pod 1 Peli
predpokladana pracec¢sstym vodikem, je nezbytné pouzivat rychibbou rot&ni olejovou
vyvévu, [ praci se smsi vodik-argon Ize pouZit i vijvu pomalokZnou.Cerpaci rychlost
vyvévy pro malé laboratorni aparatury pasie 5-10 nvhod, pro ¢tsi z&izeni (objem
reaktoru 50—200 litr) pak 10—20 rithod, v fFipads velkych aparatur (objem reaktoriiep
20 litra) pak minimalg 30 ni/hod. Ripojeni vyvévy k vlastnimu reaktoru jegbaresit jako
co nejkratSi a o co nejisi swtlosti, pro malé aparatury je minimalni dop&gna s¥tlost
pripojovaciho potrubi 25 mm, u velkych aparatur pakimalné 40 mm). Potrubi je mozné
realizovat bd’ v nerezu, a nebo Ize vyuzit specialnich plastowaituovych hadic. U nich je
ale feba nejmé&ijednou r@né provést revizi a test$nosti.

Procerpani vodiku je pak jeShutné zajistit do vygvy privod vzduchu nebo jiného plynu
(nap. pres tzv. gas balast), protoZesty vodik se v oleji ve vywé rozpousti a po jisté
nedefinovatelné dabvyrazré snizuje ¢erpaci rychlost vygvy (to ma za nasledek Spatn
kontrolovatelny nezadouci ridst tlaku v reaktoru). i? pouZziti libovolné vyévy je treba dbat
na zakladni pravidla udrzby a servisu Wy definovana vyrobcem, zejména pak u olejovych
vyvév na pravidelnou vygnu oleje. Po ukofeni procesu je nezbytné nechat &ww
dostatén¢ proplachnout. Riplach Ize snadno realizovat otemim gas balastufimo na
vyvéve, piipadre Ize pred vywvu pripojit dalsi ivod plynu, ktery nemusi byt regulovatelny,
ale ntlo by jim prochazet 0,5-1 I/min (Ize jej tetBSit kapilarou vhodného fméru a délky).

Vystup olejovych vyg¥v musi byt doplén o lap& par a findl@ musi byt zaush do
vngjSiho prostedi, protoZe jinak byippraci s vodikem mohlo dochézet k hroréraidvodiku
V uzaweném prostoru, coz by mohldi pllouhodolgjSim provozu vést k vytieni vybusne
Smesi.

Mezi vywévu a vlastni plazmochemicky reaktor je vhodné, hikdak nutné, zadit
regula&ni ventil, kterym Ize upravovat tlak v reaktoru wavnavat tak fipadré fluktuace
cerpaci rychlosti vygvy. Pomoci tohoto ventilu |ze také pracovétmpzsim piitoku plynu za
stejného tlaku v reaktoru. Stéjtak Ize docerpaciho systému idedlihned za reaktor adit
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cyklonovy lap& netistot, protoZze Bhem oSdeni se z ékterych gedmeta mohou uvahovat
makroskopické pevnéastice, které by mohly poskodit dalSi komponefggpaciho systemu
(zejména vywgvu).

Béhem plazmochemického oBati, jak jiz bylo uvedeno, vznikaji molekuly vody
a kyseliny chlorovodikové ifpadre radikaly NH a dalSi reaktivriastice. Jejich interakce se
sttnami c¢erpaciho systému a s olejem ve & (je-li pouZzita olejova vywa) je silré
nezadouci, nelbozejména molekuly HCI jsou sinkorozivni a voda ve vyweé vyrazre
zhorSuje jejicerpaci schopnost. Prvni moznosti je ¥ zkorodované vywy, coz se ale
muze prodraZzit, druhou moznosti je ¢erpaciho systému &pco nejblize reaktoru umistit do
bocni odctlitelné wtve (viz schéma na obr. P3-1) vymraz&gka naplénou Sponami
z hliniku nebo jiného v HCI snadno korodujiciho kowymrazovéku je teba chladit na
teplotu minimalg -20°C bud” termoelektricky, pevnym C£a nebo kapalnym dusikem. Jejim
Ucelem je zachyceni a zreagovani zejména par HCldg,\ale i dalSich reaktivnich slozek
vzniklych pe reakcich koroznich produkta sowasti inkrustaci s aktivnim vodikem
generovanym plazmatem. Vymrazoka je teba zait chladit az po jejim Werpani, ale fed
iniciaci vyboje. Po ukafeni plazmochemického ogemni gedntta je nutné vymrazowdku
odstavit (uzakit ventily na obou jejich koncich), nechati@hna teplotu blizkou tepkdt
mistnosti
a nasleda ji otewtit do vrgjSiho prostedi (do odtahu, ne do labor&p protoze mze
obsahovat, kv malém mnozstvi, nezadouci latky jako hajpavek). Nasledhje mozné
vymrazov&ku ofrat, aby se uvolnila akumulovana voda. Kontrola wstaspon ve
vymrazov&ce zavisi na ni€ vyuziti celého Zézeni a na tom, kolik a jak sdrkorodovany
predméta bylo oSetovano. Minimal@ jednou za 6 &siai je ale tato revize nezbytna.

9.3.4 Generace plazmatu

Ke generaci plazmatu je vyuzivano radiofrelkirdho generatoru o povolenéupryslové
frekvenci 13,54 nebo 27,2 MHz. Generator je k dpiégagipojen ges fFizpusobovaci LC
¢len (v anglické terminologii matching network), Ktebud” automaticky a nebo manualnim
nastavenim hodnot kapacity a indoksti gizptsobuje impedanci reaktoru s plazmatem
impedanci na vystupu generatoru. Spatné impadatizpisobeni ma za nasledek odrazeni
¢asti vykonu od plazmatu Zpdo reaktoru. Nasledkem neni jen neekonomicky qepwale
zejména mze dojit @i vétSich odrazenych vykonech k nevratnému poSkozemérgeoru.
Souwasné generatory jsotasto vybaveny automatickym vypnutim #igact, Ze odrazeny
vykon p'esahne vyrobcem povolenou hodnotu. Véssnosti vyraéné generatory ve spojeni
s automatickym fizpasobovacimélenem umo#uji fizeni z PC, a tedy integraci diliciho
systému celého #aeni.

Pro aplikaci na malych aparaturach do objemu ccditED stai generator o vykonu do
1000 W, pro velké aparatury jeeba mit generator do 5 kW. Velké generatory naymagduji
vodni chlazeni jak generatoru, talizpiasobovacih@lenu.

Pripojeni @izpusobovaciha@lenu ke generatoru jeseno standardnim kabelem, je vhodné,
aby jeho délka byla co nejmensfizpusobovacilen by el byt v idealnim pipact pripojen
co nejblize k elektrodovému systému, maximalni vidgodzdalenost je 0,5 metru.

40



Elektrodovy systém porpojeni ke generatoru tvioanténu, ktera vyzaje energii nejen do
plazmatu (coz je pozadovano), ale sohledem natretikou konfiguraci dochazi
i k vyzarovani do okolniho prostdi. Toto vyzgovani mize gekratovat hygienické normy
acasto také nze vést k poruchovosti dalSich gésti za@izeni (nefunkni PC, nefun&ni
regulatory piitoku, samovolnéiepinani ventil atd.). Proto je naprosto nezbytné elektrodovy
systém uzaiit do uzemané Farradayovy klece figemz na vSech stranach jfetia dodrzet
vzdalenost minimak 5 cm mezi kleci a elektrodovym systémemudApd gFivodu RF
energie od fizpasobovacihaillenu na elektrody jer¢bareSit odpovidajici gichodkou nebo
jinym vhodnym systémem zatjicim kvalitni odstiani. Pro konstrukci Farradayovy klece
Ize s vyhodou vyuzit kovové &is velikosti oka max. 10 mmyjipemz nutnou podminkou je
provaeni (vodivé spojeni) v mistechikeni drat sit.

Soudobé radiofrekvéni generatory umaibiji praci v kontinualnim i pulznim rezimu.
V ptipact kontinuélniho rezimu je vykon dodavany trvale, wzmim rezimu je vykon
dodavan v kratkychtasovych Usecich (time on) mezi nimiz je vykon nwldtime off).

V pripact pulzniho reZimu je mozné émit tzv. stidu, kterd je definovana jako relativni
(v procentech) doba, kdy je vykon dodavan. 100% tetpovida kontinualni rezim, ktery ale
V pulznim rezimu nastavit nelze. U pulzniho reZiinae také ngnit frekvenci stidy, tedy
frekvenci, se kterou se opakuje zapinani a vypidadavaného vykonu.&né je uzivana
stfida 1000 Hz.

Pri aplikaci pulzniho rezimu vyboje se&asto objevuje problém s impedaim
piizpasobenim mezi generdtorem a plazmatem, je-li vymbivdautomatického
prizpisobovacihoclenu. Situaci Ize popsat tak, Zdizpasobovaciclen se dostane do
nestabilniho stavu a trvaleénmi hodnoty induknosti i kapacit bez toho, aby se pibida
dosahnout fizpasobeni. Tento problém lze #e8it tak, Ze se zajistitippisobeni za danych
podminek (tedy vykonu dodavaného do plazmatu, tlakozmistni oSetovanych pedmeta
v reaktoru) v kontinualnim rezimu a naslédre automatickéffzpisobeni vypne. Systém je
tak impedanné prizpusoben (by o réco malo lire) i za podminek pulzniho reZimu vyboje.

9.3.5 Méreni fyzikalnich veli¢in béhem procesu

Béhem plazmochemického oBmti gredméti je tteba monitorovat celoiadu fyzikalnich
veli¢in. Radu z nich Ize vyuzitifmo ke zgtnym vazbam zaji&ijicim stabilitu procesu, dalsi
veliciny pak slouzi ktomu, aby proces pébb dostaténé Setrrg vici oSetovanym
predmétum a aby byl i dostateé efektivni.

M éreni tlaku

Tlak v reaktoru sice nenirifiS kritickou velinou pro vlastni oS&tni, ale je ieba jej
udrzovat vrozmezi 40-200 Pa. Z&hto podminek totiz dochazi k optimalni interakci
aktivnich castic generovanych v plazmatu s produkty koroznpmocess na povrchu
predmeta. K méteni tlaku v reaktoru lze vyuZit jakykoli manometraqujici v rozmezi
minimalré 1-1000 Pa, iXemz je teba pamatovat na jeho pravidelnou kalibraci podle
doporuieni vyrobce/dodavatele. Vhodné je aparaturu doptnanometrem nebo indikatorem
tlaku okolo tlaku atmosférického, ktery indikujevzduSrni reaktoru a tedy moznost jej
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otewit. V pripadt elektronickych tlakovych grek je mozné je integrovat dadiciho systéemu
celého z#izeni. VSechny ®rky je vhodné fipojit tésre k reaktoru, icemz musi byt od
reaktoru oddleny kovovymi sfkami, aby nemohlo dojit kifmé interakci plazmatu nebo
aktivnich ¢astic generovanych plazmatem &kou, protoze by mohlo dojit ke zme jejich
vlastnosti (neodpovidala by kalibrace), sniZzenothgsti nérky (nag. korozi povrchu jeji
aktivni ¢asti), gipadré kjejimu Uplnému zreni (@i chybovém stavu by mohlo dojit
k preska@eni vyboje pimo na nérku). Tlakové mdrky je nutné pravidekh kalibrovat podle
pokyni vyrobdi.

M éieni teploty

Teplota pedmétu béthem plazmochemického oBati je jednim z kéiovych paramet,
protoZze pi prekraieni jistych na materialu zavislych mezi (viz dalejize dochazet
k poskozeni fednetu nebo ke zrné jeho metalografickych vlastnosti. Zgimledu @iznych
v minulosti pouZzitych metod (vizast 4) se ukazuje, Ze byla pouzita delda metod, ovSem
vSechny maji své vyhody i nevyhody.

V piipact nejjednodusSiho &eni pomoci rttiového teplomiru je otazkou, co se vlasin
méii, protoze sklo hiky se rtuti se zafva jinak neZ povrch iednetu. ReSeni pomoci
obaleni baky kovovou félii z materialu ,shodného“ s materidlgredmétu ma ti uskali.
Prvnim je kvalita kontaktu félie s povrchemikg, ktery zpravidla neni idealni. Druhym
a mnohem zasadj$im problémem je skutaost, Ze pednet pokryty silnou vrstvou koroz-
nich produki s inkrustacemi se z#&ka silré odlisSrg od ¢istého kovu. Poslednim, v porovnani
s predchozimi zcela minoritnim problémem je skutest, Ze materialipdmetu se zpravidla
liSi od sloZeni satasné produkce, a tedy i chovani je maiodliSné. Mimo tyto skutanosti je
tieba respektovat fakt, Ze favé teplomndry nejsou v sotasnosti v EU jiz povolené a nelze je
ani implementovat do automatickétidiciho systému.

DalSi moznosti, ktera byla zkouSena, je pouZitbpyatru nebo termokamery. Nespornou
vyhodou obou principiakh v podstat shodnych zdzeni je skuténost, Ze mieni probiha
zverti, takze neniftbaieSit genos signalu z reaktoru vygimeho plazmatem. Zasadni
nevyhodou je ale skutrost, Ze z&ni, na jehoz zaklgdje teplota stanovovana, je siln
ovlivnéno priichodem sinou reaktoru a vlastnim plazmatem, takZze nelzesjéisn jaké je
skute&na teplota povrchuipdmetu. DalSi zasadni nevyhodou je fakt, Ze povrch &had
predmétu ma jinou emisivitu z&ni, ktera se navicchem plazmochemického oBehi mize
dost sile meénit. RovreZ je velmi komplikované tyto systémyeieni teploty implementovat
doftidiciho softwaru.

V praxi je pouzitelna aplikace dreni teploty termélankem. Na modelovych vzorcich byly
provadny pokusy, kdy byl term#anek umisin pfimo do kovového jadraiednetu, coz je
ale v gipadt originalnich pedneta jen stzi akceptovatelné. Proto je nutnéipevnit
termailanek na povrch fiednetu. K tomuto @elu se os¥déil tenky nerezovy dratek nebo
pasek nebo minerélni (napsklertnd) nit. Pro pdebné rozmezi teplot (do 200 °C) je $In
vyhovujici term@lanek typu K. Signal z terndtanku je teba vyvést z reaktoru igs
praichodku, nasledhlze nefit napeti, které odpovida tepldtpredmetu. Problémem je, Ze
vodice od termélanku pini sotasré funkci antény a je tedyidba hned za vystupem
z reaktoru zgadit filtr, ktery dale propousti jen stejno&mou sloZzku a stdavou (tedy i vyso-
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kofrekvertni) nepropusti. Praktické zkuSenosti ukazaly, pées toto op&eni termdlanek
vykazuje o ®kolik stupia vySSi hodnoty (do 5 °C), nez je realita, protoz&ydtermalanku
se vlivem elektromagnetické indukce né@irmalivaji. Proto je vhodné ternitankem ngfit
teplotu ve chvilich, kdy je vyboj vypnuty. Teplostati méiit jednou za minutu, jako
optimalni byla nalezena varianta 55 sekund vybaje sekund peruseni, na jehoz konci se
piecte teplota. Vyhodou terndtAnku je nizka cena a robustnost, vystup dat lHen@
integrovat daridiciho softwaru a Ize tedy prograntoesetit, aby nebyla fekratena gedem
zvolena maximalni teplota povrchu agetaného pednetu.

Posledni moZnost &feni teploty povrchu o3@vaného pedmétu vyuZiva specialniho
systému pro rteni teploty, kdy je fenos dateSen opticky (ne vodi jako u termalanku).

V tomto p@ipad® odpada problém s nutnosti vypinani plazmatu prektoi nereni teploty,
ostatni parametry jsou stejné jako u tetlaoku. Zasadni nevyhodou pro pouZiti v praxi je
krome¢ ceny gadow vysSi nez u ternttanku) zejména ziiaa Kehkost teplotnihgidla, které

se umisuje na povrch fedmetu.

V piipac, Ze je sout¥r¢ oSetovano vice fednmeta razné velikosti nebo zZienych
materiafi, je freba instalovat gfeni teploty pinejmensim na nejmensi a n&pi prednet
zhotoveny z kazdého materialu. Jen tak lze zajgtekraieni maximalni dovolené teploty
béhem procesu oSetvani.

M éieni optickych emisnich spekter

Proces plazmochemického a®eti Ize pébézné monitorovat pomoci optické emisni
spektroskopie plazmatu. Interakci aktivniho vodilatomy, ionty, excitované molekuly)
s kyslikem obsaZzenym v koroznich produktech vzriMd radikal, ktery emituje zZéni
s maximem ve vinovych délkach 306-312 nm (viz &32). Radikal nasledrreaguje dale
s atomarnim vodikem a vytti&vodu nebo reaguje s molekulami vodiku za tvodmi HzO".
Ohke tyto ¢astice jsou ze systémuupEzné odcerpavany, a protoiffomnost OH radikalu,
respektive jeho spektra,fimo reflektuje odbourdvani koroznich produkg povrchu
oSetovaného pedmnetu.
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Obrazek P3-2: Ukazka spektra OH radikalhbm plazmochemického o&eti pednetu.
Modre je vyznéenacast pouzivana pro monitorovani plazmochemickéhtrersie

intenzita

Ve vySe uvedeném rozsahu vinovych délek se neojejg¥iioSetrovani gedntta zadné
jiné z&eni, a proto Ize integralni intenzitu ve vySe uvede rozmezi vinovych délek vyuzit
k monitorovani celého procesu.

Pro zdznam spekter OH radikalu je nutny jednodusiktrometr s rozliSenim alespo
0,1 nm vybaveny mnohakanalovym detektorem nastavenyodpovidajici vinové délky.
Zatizeni lze opt pfimo integrovat doftidiciho systéemu celého iaeni. S¥tlo do
spektrometru je optimalnifipadét pomoci optického vldkna nebo optického kabetipguire
Ize vyuzit soustavy zrcadel, toteSeni ale z hlediska praxe nelze dopibrpticky kabel
musi byt uéen pro UV oblast, tedy musi byt zhotovenierkenného skla. Opticky kabel je
nejvhodrjsi instalovat v ose nebo pobliZz osy reaktoru (wsigk paralelé s osou reaktoru)
ke kemennému okénku vsazenému do jednéirmlp reaktoru. V fipact, Ze je reaktor
zhotoven z kemenného skla, 1ze opticky kabel instalovat i zibkkeaktoru.

Typicky pribéh integralni intenzity OH radikalu¢hem oSetni mosazného modelového
vzorku s inkrustaci v kontinualnim rezindisté vodikového plazmatu je uveden na obrazku
P3-3. Proces odbouravani koroznich protlyktpomaly nebo ne&inny, pokud se intenzita
z&eni @lis neneni. V piipads, Ze se objevuje v zavislosti maximum, Ize proaeggovat za
ukonteny (respektive nedostéteé efektivni), kdyz intenzita klesne na desetinu BvOj
maximalni hodnoty. Za ukd@eni efektivnhiho oSé&tni Ize také povazovat situaci, kdy po
poklesu intenzity z&ni OH radikalu @stava intenzita zhruba konstantni po dobu nefn3&n
minut (tato situace je znaz@ma na obrazku P3-3). fipac, Ze se maximum neobjevuje
nebo je neietelné, ma smysl plazmochemické édei ukorit po 90 minutach.
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Obradzek P3-3: Ukédzka pbehu integraini intenzity z@&ni OH radikdlu Bhem
plazmochemického ogeni prednetu s inkrustovanymi vrstvami koroznich produkt

Optickd emisni spektra Ize také vyuzit pro podchyceezadouciho odcinovaniii p
oSetovani bronzovych ifgdneti. ProtoZe interakce mezi plazmatem a povrchésmpEtu je
na molekularni drovni, dochazfimopadu ioni k lokalnimu (v arovni do 1 nm)iphrivani
povrchu, kdy nmize byt gekratena teplota tani cinu. ProtoZe cin v kapalné fazipongrné
vysokou tenzi par, dochazi kjeho otgrd do plazmatu, kde jsou atomy excitovany
a poskytujicarove spektrum. Vyrazné jsou zejmétday na vinovych délkach 300,9; 303,4;
317,5 a 326,2 nm. Vifpadt, Ze se tytaiary ve spektru objevi, je nezbytné proces iesét
okamzit ukortit, ackoli povrchova teplotaigdnttu negesdhla povolené maximum.

Stejna situace fize nastat i vidpact oSetovani mosaznychipdneta. V tomto gipadt by
se ve spektru jako nezadouci objewiBry na vinovych délkach 328,2; 330,3 a 334,5 nm.
Pravdpodobnost této situace je ale miziva, protoze tapléni zinku je podstatrvyssi nez
teplota tani cinu.

Ve spektrech plazmatu se jes$tblizkosti zéeni OH radikalu vyskytuji i molekularni pasy
dusiku. Ten se fize ve spektrech objevit ipac, Ze se v koroznich produktech vyskytuje
vetSi mnozstvi dusikatych sléenin. Pasy dusiku ale nijak neowliyi integralni intenzitu OH
radikalu v rozmezi pouzivaném pro monitorovani psoc

V piipact, Ze je reaktor Spatnuzawen nebo Ze dod&pnékudy natékd vzduch, zini se
z&eni plazma z modrofialové typické pro argon vodi&@lazma na jagnzluto oranZove.
Tato zngéna je snadno viditelnd pouhym okem. V takovéiipgeE je nutné vyboj vypnout
a za&it hledat netsnost reaktoruiippadreé dalSich¢asti systému.
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M éreni dalSich fyzikalnich vel€in

Vykon dodavany do plazmatu (jak vykon dodavany gatoeem, tak velikost odrazeného
vykonu) i pfitoky plyni jsou standardnsouwtdsti gisluSnych pistroji, a proto neniteba
uvacdtt metody a principy jejich gfeni. V @gipac, Ze gistroje umo#uji pripojeni k PC, Ize
vSechny hodnoty état grimo dotidiciho softwaru.
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9.4 Detailni popis aparatury v Technickém muzeu v Brné

V Technickém muzeu v B&nje plazmochemicka aparatura uréist v Metodickém centru
konzervace (MCK). Tato aparatura je valcovainmir valce je 40 cm, délka 150 cm. Schéma
aparatury je ukazano na obrazku P4-1.
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1 \ |15
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4 4 45 7]

8 10 148@ 16 17

9
| 2 3
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Obr. P4-1 Schéma plazmochemického reaktoru: 1, 2; tlakové lahve s procesnimi
plyny; 4 — elektromagnetické plynové ventily; 5 rutgkonery s regulanimi ventily;
6 — zavzdutvaci ventil; 7 — teplodm; 8 — prizpiisobovacilen, 9 — RF zdroj; 10 — elektrody;
11 — oSefovany pednet; 12 — drzak pednetu; 13 — sklesny recipient; 14 — vakuometr;
15 — PLC; 16 — HMI LCD; 17 — ovladaci panel; 18 elenoidovy vakuovy ventil,
19 — rota’ni olejova vy¥va

Konstrukce z#izeni

Vytvorena plazmova aparatura je zaloZzena na principutrelegho vyboje v plynu za
nizkého tlaku. K jejinnosti je proto zapéebi rekolik subsysténm, které Ize rozéit do tii
skupin:

» Vakuovy subsystém
* Plynovy subsystém
* Elektricky subsystém

Zakladnim prvkem celé aparatury je skiey recipient, ktery ma na svém &®im
(atmosférickém) obvodutipevreny elektrody, které slouzi k vytiéni vyboje v plynu. Déle
recipient obsahujedkolik vakuovych péichodek, které zaji§iji piivod vakua, fivod plyni,
a nebo slouzi k gificim (elam uvnitt nadoby.

Recipient je valcova skléna nadoba s brouSenymi konci do podoliyuby. Oba konce jsou
zaslepeny kovovymi viky, ktera zdji§i jednak &snost a satasré obsahuji jednotlivé
vakuové piichodky. Pravé viko je provedeno jako pevné a fjengntovano za pomaoci
prevleiného ocelového mechanizmu ke skledmu €lu valce. Obsahuje pchodku pro
piivod vakua a dale pchodku pro mifeni teploty a tlaku. Druhé viko je &t a slouzi
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k pistupu dovnit recipientu (pro vkladani materialu). Toto viko absje ptizor pro opticka
meieni a dale gichodku pro givod plyni.

Vakuovy systém

Pro ziskani snizeného tlaku slouzi vakuovy systeem. se sklada z propojovaciho potrubi,
vakuoveho solenoidového ventilu a roth vywvévy. Frivod vakua je proveden skrze
prichodku v zadnim pevném viku recipientu. Odtud jedev® specialni potrubi
k solenoidovému ventilu, ktery zajife vakuotsné oddleni vywvy od prostoru recipientu.
Vakuovy solenoidovy ventil (vyrobce Lavat Chotuticeapajeci naii230V/50Hz; spinaci
piikon 550 kW; trvaly pikon 50 kW; typ rohovy; sitlost ventilu DN40; materiakta: nerez;
material &sréni: pryz; zakladni poloha: uz#an) je gipevnén pomoci piruby na vakuovém
vstupu rotani vywévy, jedna se o uhlovy typ LAVAT s elektronikou Teshit. Jeho spinani
zaji¥'uje elektronika, ktera zabezpuge, Ze nedojde ke zf@ni civky nadproudem pdimhu.
Jeho provedeni je jednofazové. Tento prvek vakuomvehbsystému odtlje vakuovou
komoru od sactasti vakuové vydvy. Zajif'uje tak uésneni recipientu aparaturyripvypnuti
vyvévy a sodasré zabraiuje nasati oleje z vy do recipientu $ jejim zastaveni.

Rotani vywva (vyrobce Alcatel; napdjeci n#p 3x400V/50Hz; pikon 2,2 kW; s¥étlost
vakuové piruby DN40)je samostatrstojici na mobilnim podstavci. Jeji atmosféerickgtup
je vyveden pomoci potrubi mimo prostory labofatov sodasnosti instalovana vgva je
dvoustupova rot&ni olejova vy¥va s asynchronnim motorem s kotvou nakratko.évgve
nainstalovana na mobilnim podstavci. ¢h$tje provedené pomodii4polového motorového
spous¥ce 4-6,3A. Vykonové spinani sé&je pomocitipdlového stykée.

Plynovy subsystém

Zakladem plynového subsystému je plynovy roz¢adtery je umisin na levé strah
nosného ramu celé aparatury, a sada tlakovych lahmianualnimi redukimi ventily.
Tlakové lahve jsou umi&ty ve specialni hermetickéi$hi, ktera je k jejich umighi uena
a obsahuje i systém ogvavani. Od redulnich ventiti jsou jednotlivé plyny vedeny
nerezovym uzenimym potrubim az k plynovému rozv&il Ten zaji$uje jejich oddleni od
recipientu aparatury a séasre i regulaci patoku. Provedeni vstuprésti je pro vSechnyit
plyny shodné. Zfpojovaci armatury je plynové potrubfiyedeno na solenoidovy plynovy
ventil. Odtud poté pokeaje do hmotnostniho prokoméru Omega, ktery zajisije mereni
a regulaci pitoku. Poté potrubi pokéaje do smiSovae a odtud vakuovouipubou DN16 do
¢elniho vika recipientu.

Plynovy solenoidovy ventil (vyrobce END Automatiorgpéjeci nafii24V/DC; trvaly gikon
10 kw; typ gimy; swtlost ventilu DN2,5; materialéta: nerez; materialésreni: PTFE;
zakladni poloha: uzaegn) je klasicky solenoidovy ventil sedlového tygtery je uteny pro

plyny.
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Elektricky subsystém

Cely elektricky subsystém lze ragitl do nasledujicichit kategorii:

 Elektrickacast silnoprouda radiofrekvemi
 Elektrickacast silnoprouda sbva
 Elektrickacast slaboprouda

a) Elektrickac¢ést silnoprouda radiofrekvemi
Pro vytvdeni vyboje v plynu je nutné dodani energie do ebektkteré jsou umishé na
plasti recipientu. K tomutod@lu slouzi radiofrekvemmi silnoproudé obvody. Cela sestava se
sklada z radiofrekvemiho zdroje (dale jen RF zdroje¥igpusobovacih@lenu a koaxialniho
vedeni, které jednotlivé prvky spojuje. RF zdrojtigazovy zdroj s usiriovatem, ktery
generuje pdgebny RF gfidavy vykonovy signal pro zaZzehnuti vyboje mezk&lmdami. Jeho
vystup je spojeny vykonovym koaxialnim kabelentiggiisobovacintlenem, ktery zajidije
prizpusobeni elektrod/vedeni a tim zamezuje vzniku odwade vin, které by zjsobily
poskozeni vystupniho vykonovéhiteenu RF zdroje.Rizeni ladni zaji¥uje jeho interni
elektronika, kterd je propojena patnactipinovymetain stidici elektronikou RF zdroje.
RF zdroj (vyrobce Advanced Energy; napajeciétia@ x 400V/50Hz; pikon 5 kW; typ
vystupu: radiofrekveini, 13,56 MHz) je umighy v horni ¢asti sdruzeného elektrického
rozvadi¢e. Jedna se o RF zdroj ¥fdzovym givodem a vodnim chladicim okruhem. RF
vystup je proveden pomoci vykonového koaxialnihodktoru, ktery slouzi pro propojeni
s prizpusobovacimilenem. Jelikoz zdroj obsahujetgwlastni hlavni elektricky vypiria tak
je pripojeny @imo za hlavni pojistky a jehdipod neni spinankidici jednotkou.
Prizptsobovaciclen (vyrobce Advanced Energy; napajeci ¢ta@30V/50Hz; pikon 120 W;
typ vystupu: radiofrekveimi, 13,56 MHz) je napajen jednofazovyifivodem, ktery zajiduije
napéjeni elektroniky pro &eni a ladni. S RF zdrojem je propojen pomoci vykonového
koaxialniho kabelu a takiédiciho kabelu proienos dat o nal&di ¢lenu. Chlazeni je stejn
jako v pipact RF zdroje vodnim okruhem.

b) Elektrickac¢ast silnoprouda sbva

Pro chod vSech susbsystému je nutné Zzajissilnoproudého napéjeni. Z tohotévddu
aparatura obsahuje vlastni rozégdktery zaji¥uje distribuci, jiSéni a spinani jednotlivych
elektrickych zé&izeni. K jiS&ni jsou pouzity jednofdzové &ftizové jistte Moeler a motorové
spoustce a ke spinani jedno #fézoveé stykae. Cely tento subsystém jzen pomoci PLC
automatu. JelikoZz jednotlivé pouzité elektrické bslgroudé komponenty vyzaduji &v
rozdilnd napdjeci n&p, proto bylo nutné celou aparaturu osadittrda samostatnymi
napajecimi zdroji 12V/DC a 24V/DC v provedeni PELV.

c) Elektrickacast slaboprouda
Celd aparatura obsahuje mnozZstvi subsftékteré musi byt vzajendnkoordinovany. Za
timto Celem byl vytvdentidici systém na bazi PLC, ktery zdjige fazeni, nfeni a regulaci
vSech subsystéaim
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Seznam r&renych fyzikalnich vedin:

* Teplota uvnit recipientu (termé&lanek)

* Tlak uvnit recipientu (vakuometr)

* Pratoky jednotlivych plyri (hmotnostni pitokomery)

* Vykon a odraZzeny vykon na radiofrekweamncasti silnoproudé

Pro rozhrantlovek-stroj bylo za@izeni osazeno dotykovym ovladacim displejem a @dad
panelem, ktery sdruzuje vSechny ovladaci prvkyreelizeni na jedno misto.

Data jsou shirana pomoci spectlmvrzeného dataloggeru, ktery vstupni ddatevddi do
tabulek typu Excel, které jsou vhodné pro dalSazpvani.
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9.5 Detailni popis aparatury na Fakulté chemické VUT v Brné podle
funkéniho vzorku

Obecny popis:
Zatizeni slouzici k laboratornimu odstéan koroze z kovovych vzotks poloautomatickym
fizenim provozu je instalovano v laboratplazmochemie na FCH VUT v BénDokument

popisuje vyvojovou verzi vybudovanou viza014.

Fyzikalni princip

Systém vyuZziva redukich reakci v atmosifé vodiku a dalSich pracovnich piyrMolekuly
plynu jsou disociovany, ionizovany a excitovany zpfeatem, jez je buzeno v kapacitnim
uspdadani radiofrekvemim zdrojem. Diky takto dodané energii dochazi dukei
chloridovych a oxidovych vazeb a postupnému odsetrani koroznich produktz povrchu
oSetovaného pedmetu.

OES [/ PC

e R

Obr. P5-1 Schéma plazmochemickéhgizami na FCH VUT: 1 — tlakova lahev s vodikem;
2 — uzaviraci ventil (ON/OFF); 3 — regulator hmaostwiho pritoku; 4 — tlakova lahev
s argonem; 5 — uzaviraci ventil (ON/OFF); 6 — regal hmotnostniho gtoku; 7 — zavzdus-
novaci ventil; 8 — automatickyzpiisobovacilen; 9 — RF generator; 10 — systém prerami
teploty; 11 — radéné elektrody; 12 — sklény rost; 13 — oSébvany pednet; 14 — valcovy
reaktor z Kemenného skla; 15 +dmenny opticky kabel;, OES — opticky emisni spelktipom
16, 17 — kulové ventily; 18 — ratai olejova vywa; 19 — tlakova rrka; 20, 21 — kulové
ventily; 22 — vymrazov&a s hlinikovymi Sponami

TechnickéieSeni

Systém je sloZzen z nasledujicich komponent:

* Plazmochemickd komora— reaktor z kekmenného skla pméru 100 mm a délky 900
mm, opaten @irubami pro pipojeni ¢cerpaciho systémucetrg méieni vakua, teploty
substratu a optické emisni spektroskopietriaupou pro vkladani vzotk Komora je
vybavena d¥ma externimi elektrodami chlazenymi vzduchem gipgpeni RF signalu.
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o

Generator plazmatu Cesar (AE-Dressler) spolu s automaticky étagn
prizpisobovacim¢lenem o pracovni frekvenci 13,56 MHz a maximalniykonu
1200 W.

Systém pro davkovani pracovnich plyi realizovany pomoci automatickych regulétor
hmotnostniho @itoku fady ElFlow (Bronkhorst), odpovidajicich rozvoa tlakovych
lahvi.

Cerpaci systémsloZzeny z roténi olejové vyvy scerpaci rychlosti 12 Fhod (Lavat
Chotutice), regukniho motylkového ventilu VAT, oddovaciho ventilu, odpovidajiciho
potrubi a systému pro dfeni vakua CenterOne sp&itesti Laybold. Do systému je
pomoci bypasu Zazena vymrazowka chlazena kapalnym dusikem, ktera je v§pin
hlinikovymi Sponami pro zachyceni chlorovodiku \kajiciho i odbouravani chloril
Opticky spektrometr pro mefeni koncentrace OH skuptady HR4000 od firmy Ocean
Optics vybaveny iizkou s 2400 vrypy na milimetr.

Systém pro n&reni teploty vzorku pomoci optického vlidkna a GaAs krystalu FotoTemp
od spolénosti Optocon nebo ternmildnek gipojeny k PID regulatoru.

UZivatelské rozhrani vytvorené na miru v progtdi Borland Delphi, umaiijici fizeni
a vybrané regulace procesnich #i@lj jejich zaznam a grafické zobrazeni. Komunikace
s komponentami systém je realizovana protokolem 2B&- Dilezitymi funkcemi
programu jsou zejména:

Regulace kontinualniho vykonu generatoru plazmatawslosti na teplétvzorku
Regulace $tdy pulzniho rezimu generatoru plazmatu v zavishsteplot vzorku
Regulace fipadré automatickd akce definovana v zavislosti na kotmraenOH skupin
v pracovnim plynu
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Fotodokumentace:

Obr. P5-2. Systém pro plazmochemickou redukci
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1 Introduction

Historical evolution brought the usage of different
materials. For example, copper and its alloys are known
since the Bronze Age or iron since the Iron Age. Nowadays,
many objects made of these materials are excavated by the
archaeologistsaround the world. With the presence of these
objects, so called artifacts, there is a necessity to restore
and conserve them to keep their historical information.
Classical conservation and restoration processes have
several steps (mechanical treatment, desalination or
surface cleaning and protection from further degradation)
leading to protection of archaeological artifacts. After the
optimization of process conditions, the plasma chemical
reduction could be one part of that process. Our research
is focused on bronze artifacts found in soil.

The method of plasma chemical reduction is based
on the reduction of corrosion products by reactive species
generated in hydrogen glow discharge plasma at low-
pressure and low-temperature [1]. In the glow discharge
plasma, electrons accelerated by an external electric field
have enough energy — among many other interactions —
to dissociate hydrogen molecules, HZ! to form atoms H at
low pressure and temperature. All these active particles
can react with the corrosion layers at the object surface
and thus they induce chemical reduction of broad variety
of corrosion products [Schmidt-Ott K., Proceedings of
Metal, 2004, p. 235-246]. The plasma treated corrosion
layer becomes brittle and can be removed easily by
conservators without additional mechanical stress. In
addition, corrosion compounds containing chlorides
can be destabilized, and chlorine can be removed to the
gaseous phase of the discharge [1]. It is very important for
our research because chlorides play the key role in soil
corrosion.

Plasma chemical reduction is a relatively new
method. Its history goes back to the 70’s during the last
century. First remarks were given by the group around
V.D. Daniels in London. They successfully used the low

This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 License.
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frequency discharge in gas mixtures for the treatment of
silver artifacts and Daguerreotypes, but their procedure
was not successful for the iron artifacts [2]. The next
group which successfully developed and improved this
method was gathered around S. Veptek from Ziirich. They
constructed an apparatus working on the base of high
frequency hydrogen plasma [3-6].

The main advantage of the plasma chemical reduction
is that there is no contact with aggressive chemicals during
the treatment. It is also possible to treat more artifacts
simultaneously. This makes the procedure faster, cheaper
and more extensive. In the past, the trend was to remove
the whole corrosion layer. However, the original shape
and surface of the artifact was destroyed. Nowadays,
conservators and restorers are focused on the corrosion
process abatement and preservation of the surface patina
layer because it holds information about the object’s
history. Of course, the plasma chemical reduction, as well
as all the other methods used in conservation, has some
disadvantages like high price of the apparatus (vacuum
system, generator, etc.) and possible unwanted structural
changes of material due to elevated temperature of treated
samples.

Nowadays, plasma chemical reduction is used
at several institutions, for example Swiss National
Museum (Centre for Conservation, Zurich, Switzerland)
[7], National Technical University of Athens (Laboratory
of Physical Chemistry, Greece) [8], Museum of Central
Bohemia in Roztoky [http://www.muzeumroztoky.cz/
Panely/oddkonzervace.htm (in Czech)] or Technical
Museum in Brno (the last two in the Czech Republic).

2 Experimental procedure

The original archaeological artifacts could not be used for
the fundamental research due to their invaluable historical
value and also due to the fact that each artifact has its
own history, in other words there are no two same objects.
Thus, we treated artificially prepared corroded model
samples for which we used the same material as known
in corrosion layer composition and structure according to
the original artifact.

The experimental part of this work contains several
steps: preparation of samples surfaces, creation of model
corrosion layers, plasma chemical reduction monitored by
OES including the calculation of rotational temperature,
measurement of sample temperature and also the surface
microanalysis (SEM, EDX) performed before and after the
treatment.
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2.1 Sample preparation and corrosion layer
creation

The bronze samples were represented by blocks
with dimensions of 50x10x10 mm?® with a weight of
approximately 80 g. Due to the unification of the surface
roughness, samples were grinded by an electric grinder
using the sandpaper with roughness of 600 grains per
square inch. The exposure to the corrosion environment
followed immediately.

Vapors of hydrochloric acid (35%) were used as a
corrosive environment (chlorines are the main corrosive
agent affecting directly in the soil [9]) in combination with
river sand. Thus, the obtained corroded samples were
very similar by their face as well as corrosion structure
to the real excavated artifacts. A Petri dish with 20 mL of
concentrated hydrochloric acid was placed at the bottom
of a desiccator. A ceramic holder with samples and added
sand was placed above the dish. The closed desiccator
was stored in the dark place for 30 days. After that, they
were removed, dried under vacuum at 60°C for 24 hours.
The dried samples with corrosion layers were placed in the
desiccator together with a humidity and oxygen absorber
where they remained until the plasma chemical treatment
was performed in order to stop consequent corrosion.

Scheme 1: Photography of the reactor in operation (top). Schematic
drawing of the apparatus (bottom): mass flow controller (2),
thermocouple (2), aeration valve (3), reactor (4), grounding (5), two
copper electrodes (6), corroded sample (7), glass holder (8), pressure
gauge (9), optical fibre (10), ball valve (11), butterfly valve (12), rotary
oil pump (13).
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2.2 Plasma chemical reduction

Our experimental equipment was constructed according to
the original design of Vepfek [3], and was further improved
(see Scheme 1). A quartz cylindrical reactor (length of
90 cm, inner diameter of 9.5 cm) was continuously pumped
by rotary oil pump allowing the based pressure under
10 Pa before the start of each experiment. The pressure
was measured by a capacitance gauge (Leybold Vakuum,
CRT 90). Pressure in the reactor is around 160 Pa during
the experiment. The reactor was connected to the rotary
oil pump through an electromagnetic butterfly valve and
a ball valve for the operating pressure adjustment. Pure
hydrogen (99.9%) was fed into the reactor through a mass
flow controller at a constant flow rate 50 sccm. The RF
generator (Cesar, 13.56 MHz) supplied through automatic
matching network two copper electrodes placed out of
the cylindrical reactor. The plasma chemical process of
corrosion layers removal was continuously monitored by
optical emission spectroscopy (Jobin Yvon - SPEX, TRIAX
550 with CCD detector) collecting emitted light at the
reactor axis. The sample temperature, that is one of the
most critical experimental parameters, was controlled
by a K-type thermocouple mounted inside the treated
sample. Due to the strong influence of electromagnetic
field on the reading values, temperature was measured
every minute at the end of the discharge switch-off period
for 5 seconds. The whole experimental system was fully
PC controlled.

Hydrogen reactive species (as mentioned in
Introduction) are created after the discharge is turned
on. The OH radical is produced by the reaction of atomic
hydrogen from the discharge with oxygen contained in
compounds forming the corrosion layer, and thus, its
radiation can be used for experiment monitoring [10].
An emission spectrum was collected and evaluated
each minute during the first 30 minutes and then every
5 minutes until the end of the experiment (60 minutes).

Table 1: Conditions during the plasma chemical reduction.

Process Power [W] Duty cycle [%] Effective power [W]
1 100 100
2 200 50

100
3 300 33
4 400 25
5 200 100
6 300 66

200
7 400 50
8 600 33

DE GRUYTER OPEN

The aim of this study was to compare the effect of
various plasma treatment conditions on the plasma
chemical reduction process. The specific values of supplied
power and discharge duty cycle were chosen before the
plasma chemical treatment of each process (Table 1). Each
process was repeated five times and the average values are
presented in the Results.

The pulsed mode was operating at 1000 Hz frequency
and the effective power was calculated according to the
equation

lon
ton +t0ff

where P is real value of delivery power, ¢, is time of active
discharge and t,y is time of inactive discharge.

However, the mean energy in the pulsed regime was
significantly lower. The process kinetics was different in
each regime because the reactive particles generated by
the discharge can react with the surface during the post-
discharge period, too [11].

Fefr =P , §)

2.3 Temperature

In contrast to other artifact materials such iron, brass,
copper or silver, bronze brings one significant problem
because it is the most temperature sensitive material. Tin
lines can be recognized in the emission spectrum as well
as a thin film of tin (tin “mirrors”) was created inside of
the apparatus at sample temperature elevated up to about
160 °C. Although this temperature is much lower than tin
melting point, the sample surface can belocally overheated
by plasma ions impacting in the vicinity. Moreover, the
direct surface sputtering can contribute to this effect. The
elevatation distorts results, causes the destruction of the
sample and causes problems in apparatus cleaning after
each experiment. Therefore, monitoring of the sample
temperature together with emission spectra is necessary
to minimize this negative effect.

2.4 Microanalysis

All samples were analyzed by a scanning electron
microscope (SEM) Philips XL 30 in order to obtain high
resolution surface morphology and chemical composition
by energy dispersive X-ray analysis (EDX) Edax analyzer.
The samples were coated by a thin layer of carbon to prevent
the charging effect during the EDX microanalysis. The
surface details were imaged at 20 keV by the backscattered
electron detector from the area of 3.45x4.45 pm* The same
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Figure 1: Time dependence of OH radical relative intensity. Samples treated at effective power 100 W (left) and samples treated at effective

power of 200 W (right).

area was used for the EDX analyzes to decrease the local
fluctuations in composition.

3 Results and discussion

3.1 Optical emission spectroscopy

The time dependences of OH radical relative intensity
for two selected effective powers are shown in Fig. 1.
Two maxima of OH radical intensity can be recognized
at all conditions. The first maximum corresponds to the
reduction of an outer corrosion layer consisting of sandy
grains, and it was observed in the first 10 minutes of
plasma treatment. The second maximum corresponds to
the reduction of an inner corrosion layer which is in touch
with the original sample surface and it was determined to
occur between 10 and 15 minutes. The decrease of relative
intensity of OH radicals followed after that. The changes
in relative intensity of OH radicals were negligible after
30 minutes, so we can consider it as a steady state system.

In the case of samples treated at effective power
of 100 W (Fig. 1, left), creation of maxima of OH radical
intensity was slower and less significant than at higher
effective power (Fig. 1, right, effective power of 200 W).
This means that higher effective power is more efficient
for the corrosion removal.

3.2 Temperature

The time dependences of the sample temperature during
the plasma treatment are shown in Fig. 2. The situation is

the same for both effective powers applied, and maximal
value of sample temperature decreases with a duty cycle
parameter. Results from OES (Fig. 1) show that the main
reduction process takes place during the first 20 minutes
and it corresponds with sample temperature increases.
After that, the sample temperature remains nearly
constant.

Temperature of the samples treated at 200 W in the
continual mode is approaching values at which the tin
mirrors are created.

The plasma rotational temperature, which value is
close to the neutral gas temperature, was calculated from
OH radical spectra. The comparison of rotational and
sample temperature is shown in Fig. 3. The results show
that rotational temperature is time independent, except
the first few minutes, and affected by the whole setup
heating. Table 2 shows the average rotational temperature
values for all processes. It can be concluded that rotational
temperature is more or less independent on the plasma
conditions and thus it could not be used for the process
monitoring. This temperature is a little bit above tin
melting point and thus this result indicates possibility of a
local surface overheating by surface bombardment driven
by plasma active particles.

3.3 Microanalysis

Results from the EDX analysis of the original bronze
sample showed the ternary alloy of Cu-Sn (87% copper
and 13% tin) with ocasionally presented Pb particles
(see Fig. 4).

The SEM images show the significant change in the
surface morphology (Fig. 5). It is obvious that the layer
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Figure 2: Time dependence of sample temperature. Samples treated at effective power of 100 W (left) and samples treated at effective power

of 200 W (right).

700

600 -

500 -

Temperature [K]

400
—e—Sample temperature

00 | /
—+—Rotational temperature

200 T T T
0 30 60 90

Time [min]

Figure 3: Time dependence of sample temperature and rotational
plasma temperature, one sample from Process 1.

of corrosion products becomes less compact and thus
it is easily breakable after the plasma treatment, so the
corrosion can be easily removed by further mechanical
cleaning.

All bronze samples were corroded under the same
conditions (in one desiccator) and for the same time
(30 days). Thus it was possible to presume that corrosion
products would have the same average composition.
Due to this fact, the EDX analysis was performed only on
one sample from Process 1 before the plasma chemical
reduction (Table 3). Table 3 contains average values
obtained from 5 different samples; each of them was
measured 10 times at different places.

The EDX analysis revealed the presence of eleven
elements: three are elements from bronze (Cu, Sn and Pb);
Cl and O are coming from corrosion environment and the
remaining elements (Al, Ca, Fe, K, Mg, Si) are typical soil
elements (incrustation layer) coming from ambient river
sand [12].

Cu, Sn, O and Cl are the most present elements, other
elements could be neglected. The mass decrease of O and

Table 2: Values of average rotational temperature and its uncertainty.

Process 1 2 3 4 5 6 7 8

Average rotational

590 580 570 570 570 600 590 590
temperature [K]

Uncertainty of
average rotational 60 60 60 70
temperature[K]

110 70 70 60

Table 3: The results of EDX analysis from the sample area (3.45x4.45 pm?)
after the plasma chemical reduction. All values are in mass %.

Process Cuu Sn Pb CIL O Al Ca Fe K Mg Si

1* 34,5 11.2 0.6 253 22.6 1.1 0.1 0.6 0.1 0.2 3.7
1 44.6 10.7 4.7 20.3 13.9 0.8 0.2 2.2 0.3 0.2 21
2 49.5 12.3 - 21.0 121 0.8 0.2 1.6 0.1 0.1 23
3 46.6 9.5 51 19.8 14.4 0.7 0.1 0.8 0.5 - 2.5
4 48.7 9.8 - 22.8 13.6 0.9 0.1 1.4 - - 2.7
5 51.0 12.6 - 18.9 13.6 0.7 0.1 0.7 - 0.6 1.8
6 50.0 10.1 4.3 23.2 9.4 05 - 0.9 03 - 13
7 48.1 16.0 - 177 135 0.8 0.3 13 0.1 0.1 21
8 51.2 8.7 - 217 129 1.0 01 15 0.1 - 2.8

*The results from EDX analysis of one sample from Process 1 before
plasma chemical reduction. Each value is obtained using 5 samples
measured 10 times at different places.

Cl and the increase of Cu and Sn masses are significant
by comparing values before and after plasma chemical
reduction (Table 3). This means that the real bronze
corrosion products (chlorides and oxides) were partially
removed. The full corrosion removal by plasma is not
possible because the remaining corrosion layers block the
direct interaction between plasma and sample surface.
Thus, the process used in practice is carried out in more
plasma steps separated by the mechanical removal of
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Figure 4: SEM (left) and spot EDX analysis (right) of the sample from Process 6. The bright lead particles are visible in the SEM image and also

in the EDX spectrum.

Figure 5: The bronze sample from Process 1 imaged at 20 keV by the BSE detector before the plasma chemical reduction process (left) and

after it (right).
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Figure 6: Results of EDX analysis, samples from Process 7.

corroded layers [10]. The results of element masses are
also depicted in Fig. 6 for better comprehension of the
positive effect of plasma chemical reduction.

4 Conclusions

Plasma chemical reduction of artificially prepared corrosion
layers on bronze samples was performed. Results from OES,

measurement of the sample temperature and SEM and EDX
microanalysis showed that plasma chemical reduction had
a positive effect on the corrosion layers removal. OH radical
emission intensity that reflects corrosion removal showed
two maxima; the first one corresponded to the removal of
oxygen from incrustation, the second one corresponded to
the removal of bulk corrosion. The better reduction effect
was observed on samples treated at effective power of
200 W. The sample’s temperature did not exceed the value
of 160°C that was estimated as the protection temperature
for the bronze damage under the plasma treatment. The
plasma treated corrosion layers start to be more brittle
and also their composition was changed. The real bronze
corrosion products (chlorides and oxides) were partially
removed. The full corrosion removal by plasma was not
possible because the remaining corrosion layers blocked
the direct interaction between plasma and sample surface.
Thus, the process used in practice should be carried out in
more plasma stages separated by the mechanical removal
of corroded layers.

The rotational temperature calculated from OH radical
spectra was nearly independent on the plasma conditions
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except for its slight increase during the first few minutes of
the plasma chemical treatment.

Our further work will be focused on the measurements
of the cross section corrosion profile of the samples before
and after the plasma chemical reduction, as the X-ray
diffraction analysis will be performed.
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within the project DF11P010VV004 ,Plasma chemical
processes and technologies for conservation of
archaeological metallic objects®, founded by the Ministry
of Culture of the Czech Republic.
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Abstract. The plasma chemical reduction of corrosion layers from archacological
metallic objects is developing since the late 70™. Contemporary, it is used in some
museums, but the optimal treatment conditions are not fully known yet. Treated object
temperature is one of the most critical points because metallographic changes can be
initiated by elevated temperatures and thus the unique historical information can be
lost. Temperature increases due to the direct inductive heating in the discharge as well
as by the interaction of the surface with plasma active particles. In the case of samples
prepared in acidic corrosion environment, the maximal temperature of the samples with
the incrustation was lower than of samples without incrustation treated under the same
conditions because the incrustation layers decrease the direct interaction of plasma
active particles with the corrosion layers. In contrary, in the case of brass samples
prepared in the ammonia atmosphere, the incrustation had an opposite effect due to
intense heating of the sample during the reaction with oxygen presented in the outer
corrosion layers. The maximal sample temperature was directly proportional to the
linear size (or the third root of weight) of the treated sample.

Key words: plasma surface treatment, metallic corrosion removal, hydrogen RF plasma,
processing temperature.

1. INTRODUCTION

Various classical methods of corrosion removal are used for very old or
valuable artifacts. Sanding or application of dental drill belongs to these
techniques. It is clear that they can tend to be aggressive or even destructive in use.
This means that along with the corrosion, some of the base metal is also removed.
Moreover, some methods can remove surface features of the treated object which

" Paper presented at the 16" International Conference on Plasma Physics and Applications,
June 20-25, 2013, Magurele, Bucharest, Romania.
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could content important information (e.g. fine details, etc.). All these classical
methods need high manpower because one person can treat only one object at the
same time [1]. On the other hand, application of low temperature low pressure
plasma allows simultaneous treatment of many objects (up to thousands depending
on their shape and size) [2]. Moreover, plasma chemical reduction is one step way
of corrosion removal from archaeological artifacts which can remove corrosion
layers carefully as well as completely in some cases. Only corrosion layers are
removed by this method and the object is retained.

Plasma chemical reduction of corrosion layers is a relatively new method
developed by Stanislav Veprek et al. [3, 4] at Institute of Inorganic Chemistry,
University of Ziirich at the end of the 20" century. However, it has been broadly
applied mainly for iron artifacts and the optimal operation conditions were
estimated empirically [2, 5-8]. The optimal conditions for the corrosion removal
from the other metals are not known yet however, some works have been done
already [9-11]. The plasma chemical process was successfully used for the
treatment of more than 13 000 historical objects from various periods (since 400
B.C. until 19" century) and places of excavation [2]. Before Veprek, Daniels used
a similar method for plasma reduction of silver tarnish on Daguerreotypes [12]. At
the beginning of 21% century, K. Schmidt-Ott and her colleagues successfully
applied this procedure for the treatment of some iron and silver objects [13, 14].

Low pressure low temperature hydrogen plasma operating in a continuous
regime was used for the presented experiment [15]. It is impossible to carry out any
comparative study using original archaeological objects because each of them is an
original by its manufacturing as well as corrosion and storage history, and they
have a very high historical value. Due to these facts, several sets of corrosion layers
were prepared. The rusted sample (one for each experimental conditions set up)
was placed into plasma chemical reactor where it was treated by plasma. The
whole process was monitored by optical emission spectroscopy according to [16].
Samples temperature during the plasma treatment was continuously monitored to
prevent samples overheating that can cause significant metallographic changes and
thus, historical information can be lost. In case of brass objects, zinc could be
removed from the object during the heating even at temperature significantly lower
than its melting point is.

2. EXPERIMENTAL

Model samples were prepared from the most common archaeological metals
using hydrochloric acid vapor (for iron, copper, bronze and brass samples) and
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ammonia solution (for brass samples). Two different sets were prepared: The first
one with a pure corrosion layer, the second one with a sand incrustation for a better
simulation of the real situation of an excavated archaeological artifact. Firstly,
metallic samples (typically 0.5x1x5 cm’) were grinded, after that rinsed in ethanol,
and dried. Consequently, they were put into a desiccator where a Petri dish with
chloric acid or ammonia solution was placed at the bottom of the desiccator. A half
of the samples were additionally covered by sand. In all cases, the corrosion layers
had been formed for one month. Each corroded sample was dried under vacuum
and stored individually in a protecting package (Art for Life foil) with humidity
and oxygen absorbers to keep the same corrosion conditions of all samples up to
their plasma treatment.

The composition of the formed corrosion layers is typically very complex
[17]. Various oxides and chlorides (both also hydrogenated or with crystalline
water) were detected by XRD analysis. The elementary abundance was obtained by
SEM-EDX analysis. The preliminary results as well as the influence of plasma
treatment on the surface composition were described in detail in [18, 19]; the full
paper containing this information is under preparation, now.

The plasma treatment of the prepared model samples was carried out in a
Quartz cylindrical reactor (90 cm long and 9.5 cm in the diameter). The reactor
(see Fig.1) was surrounded by two external copper electrodes supplied by a radio-
frequency generator (13.56 MHz) through an automatic matching network. Sample
was placed onto glass grid holder at the middle of a Quartz cylindrical reactor as it
is marked in Fig.1. This sample holder consists of two parallel Pyrex tubes (outer
diameter of 6 mm) fixed at the ends of reactor. The experiment took place in pure
hydrogen (99.9 %) atlow pressure (160 Pa) and constant hydrogen flow rate
of 50 sccm. Samples were treated at different applied RF plasma power of 100 W,
200 W, 300 W and 400 W in a continuous mode. The treatment duration was up to
120 minutes.

A special series was carried out using non-corroded brass samples to verify
the role of the object mass. The samples used for this study had nearly cubic shape
with its mass of 11-1046 g.

The plasma chemical process was monitored by optical emission spectroscopy
using the Ocean Optics HR4000 spectrometer with 2400 g/mm grating. An optical
fiber was placed at a quartz window mounted at the reactor axis. Data obtained
from this method were used to calculate integral intensities of OH radicals that
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were used for the process monitoring according to the procedure described in [16].
The plasma rotational temperature was calculated from the same spectra, too.
Temperature of the sample during the treatment was measured by a K-type
thermocouple installed 5 mm inside the sample metallic body. To avoid
electromagnetic induction influence on the measured temperature, the temperature
values were read out at the end of 5 s discharge break.

:
3 6
;
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Fig. 1 — Schematic drawing of the experimental set-up: 1-hydrogen; 2—mass flow controller; 3—Quartz
discharge reactor; 4—sample glass grid holder; 5—thermocouple; 6—outer copper electrodes; 7—sample;
8-RF power supply and matching network; 9—capacitance pressure gauge; 10, 11-valves; 12—rotary
oil pump; 13—optical fiber; 14-PC; 15-OES-spectrometer.

During the plasma chemical reduction, hydrogen ions, radicals and excited
molecules react with oxygen and chlorine that are the main elements of the
corrosion layers (see above and in [18-20]). OH radicals and HC] molecules are
formed by these reactions. The OH radicals were monitored continuously by the
optical emission spectroscopy. The HCI presence was directly confirmed by IR
absorption spectroscopy, no HCl bands were found in the emission spectra. HCI1
presence was also confirmed indirectly by a consequent corrosion of aluminum
parts downstream of the discharge.

3. RESULTS AND DISCUSSION

In general, sample temperature was increasing during the first 30 minutes of
the plasma treatment. After that, it remained constant (details see below in Figs.
3-6). As it was expected, samples treated at the highest applied plasma power of
400 W reached the highest temperature as well. The following subsections describe
the plasma chemical treatment in details depending on the corrosion layers kinds.
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3.1. IRON, COPPER, BRONZE AND BRASS SAMPLES
WITH ACIDIC CORROSION LAYERS

As it was already mentioned above, the non-incrusted samples temperature
increased during the first 30 minutes of the plasma treatment, and after that it
remained constant (see Fig. 2). During the treatment of the incrusted samples,
much faster but only a temporal increase of temperature was observed. After that,
the temperature was significantly lower in contrary to the non-incrusted samples as
it can be seen from Fig. 2. The maximal temperature in this case was even higher
than maximal temperature of non-incrusted sample but this is non-typical as it is
demonstrated in Tables 1 and 2.

The maximal temperatures reached during the process are listed in Table 1
(non-incrusted samples) and Table 2 (incrusted samples) for the treatment in the
continuous regime at selected applied powers. It can be noted that the maximal
temperatures is significantly lower at the lowest applied powers. This is due to the
fact that no temperature peak at the process beginning is observed.

We are suggesting that the strong temperature enhancement observed at the
beginning of the incrusted samples treatment is connected to the removal of
slightly bounded outer corrosion layers. This is clearly visible from Fig. 2. The OH
radical intensity (that is produced by reaction of active hydrogen atoms with
surface bounded oxygen) increases much faster in the case of incrusted samples.
When the slightly bounded oxygen at incrustation layers is removed, the rest of
incrustation plays a shielding role and thus the plasma active particles do not
interact directly with the corroded surface. Consequently, the OH radical intensity
drops down. The sample temperature decreases because the reduction of corrosion

products is slower.
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Fig. 2 — Temperature and OH radical intensity during the plasma treatment of iron samples
at applied power of 400 W.
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Tabel 1
Maximal temperatures of samples without incrustation
Maximal temperature[°C]

Power [W] iron bronze brass
100 119 134 139
200 150 164 170
300 173 185 188

Tabel 2
Maximal temperatures of samples with incrustation
Maximal temperature [°C]

Power [W] iron bronze brass copper
100 40 73 142 41
200 97 159 162 179
300 - 153 182 195

3.2. BRASS SAMPLES WITH ALKALINE CORROSION LAYERS

In case of the brass corrosion layers obtained in the alkaline atmosphere,
samples without the incrustation had higher temperature than samples with the
incrustation (Tabel 3). The opposite behavior was observed for samples corroded in
the acidic atmosphere; samples with the incrustation had higher temperature than
samples without the incrustation. These different temperatures are caused by
different thermal resistance of corrosion layers — each corrosion atmosphere had its
own corrosion products. The exothermic character of the plasma active particles
reactions with corrosion products differs, too and thus we suppose that the final
sample temperature combines either described effects or even some other effect
which is unknown up to now.

Tabel 3
Sample maximal temperatures in °C
Discharge Alkaline atmosphere Acidic atmosphere
power [W] without incrustation | with incrustation | without incrustation | with incrustation
100 W 139 117 112 144
200w 151 144 142 164
300W 188 170 158 184
400 W 206 177 170 193
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Fig. 3 — Sample temperature evolution during the plasma treatment of alkaline corrosion
on brass without incrustation.
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Fig. 4 — Sample temperature evolution during the plasma treatment of alkaline corrosion
on brass with incrustation.
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Fig. 5 — Sample temperature evolution during the plasma treatment of acidic corrosion
on brass without incrustation.
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Fig. 6 — Sample temperature evolution during the plasma treatment of acidic corrosion
on brass with incrustation.

The optical emission spectra (focused mainly on OH radicals) were taken
during the treatment simultaneously with sample temperatures. The relative
intensity of OH radicals in the interval of 305-312 nm was calculated (Figs. 7-10).
The process is considered to be terminated when the relative intensity of OH
radical reaches 10 % of its maximal value or when it is constant [16]. As it can be
seen from Figs. 7-10, the intensity of OH radicals increased at the beginning of
each process and then decreased again.

In the case of samples corroded in the acidic atmosphere (Fig. 7), the process
is very fast and the OH radical presence remains nearly constant after the first 20
minutes of the plasma treatment. This well correlates with the sample temperature
that increases rapidly and remains nearly constant after the same treatment time
(Fig. 3). The samples covered by corrosion with the incrustation (Fig. 4 and Fig. 8)
show the same correlation between OH radical intensities and sample temperatures.
The presence of two peaks of the OH relative intensity (Fig. 8) can be explained by
a consequence of two processes. The first of them corresponds to the reaction of
hydrogen active particles with oxygen bounded in the sandy layer. The second one
reflects the reactions with metal (brass) corrosion products.

The correlation between sample temperatures and OH radical intensity is
observed also in the case of samples prepared in the ammonia atmosphere. The
non-incrusted corrosion removal is much slower in comparison with the samples
prepared in the acidic atmosphere because chlorides react with active hydrogen
faster than amino compounds. Due to this fact, the maximal sample temperature is
also lower than in the case of samples prepared in the acidic environment. OH
radical intensity during the treatment of samples covered by the incrusted corrosion
shows only one maximum at the short treatment time that also corresponds to the
reaction of hydrogen active particles with oxygen bounded in the sandy layer.
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There is no other OH emission maximum because of much slower removal of inner
corrosion layers. The maximal temperature of incrusted samples is higher because
they are effectively heated during the outer layers reduction (also the temperature
increase is faster in comparison with the non-incrusted corrosion) and this elevated
temperature is kept for the long time due to very limited thermal conductivity
under the low pressure conditions.
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Fig. 7 — Relative intensity of OH radicals during the plasma treatment of alkaline corrosion
on brass without incrustation.
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Fig. 8 — Relative intensity of OH radicals during the plasma treatment of alkaline corrosion
on brass with incrustation.
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Fig. 9 — Relative intensity of OH radicals during the plasma treatment of acidic corrosion
on brass without incrustation.
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Fig. 10 — Relative intensity of OH radicals during the plasma treatment of acidic corrosion
on brass with incrustation.

The OH radical spectra were simultaneously used for the plasma rotation
temperature calculation. Rotation temperatures (calculated from obtained emission
spectra) were estimated of about 600 K independently on applied power or on the
type of the corrosion layer.
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3.3. TEMPERATURE DEPENDENCE OF NON-CORRODED
BRASS SAMPLE ON ITS SIZE

To separate the influence of exothermic reactions heating from the other
processes (plasma particles impact and inductive heating), the set of non-corroded
samples of different weight and of almost cubic shape was prepared (see Tab. 4).
These samples were treated in plasma under the standard conditions described
above (pressure, hydrogen flow) at applied power of 300 W in the continuous regime.
Temperature evolution of selected samples is shown in Fig. 11. As it can be seen,
the temperature increase is slower if a bigger sample is treated, and the thermal
stabilization takes longer time directly proportional to the sample size. Maximal
temperatures of these samples are listed in Tab. 4, too and they are plotted as a
function of the sample mass in Fig. 12. The sample maximal temperature is directly
proportional to the linear size of the sample; deviations are caused by a non-ideally
cubic shape of the used samples. Note that sample C is nearly equivalent (by its
weight) to the samples presented in section 3.2.

Tabel 4
Maximal temperature of differently sized brass samples without corrosion layer
Sample A B C D E F G H
Weight [g] 11 27 40 78 90 293 | 535 1046
Maximal temperature [°C] 144 | 141 152 | 170 | 173 184 | 185 201
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Fig. 11 — Temperature of selected differently sized brass samples without corrosion layer.



12 Sample temperature during corrosion removal RF plasma 597

200

190

K

180 /

170

160

maximal temperature [°C]

150

1 x—
140

X

10 100 1000
sample mass [g]

Fig. 12 — Maximal temperature of brass samples without corrosion layer
in the dependence on their mass.

4. CONCLUSIONS

Several types of corrosion layers of four metals (iron, copper, bronze and
brass) were prepared. These samples were treated by low-pressure low-temperature
hydrogen RF plasma. This method can be very important step in the restoration of
archaeological artifacts in future.

In the first part, samples of mentioned metals with or without sandy
incrustation were treated by plasma at selected applied powers in continuous
regime. The maximal temperature of the samples with the incrustation was lower
than of samples without incrustation under the same conditions. This difference is
due to shielding effect of the incrustation grains, by other words, incrustation
decreases the direct interaction of plasma active particles with the corrosion layers.

In the second part, corrosion layers on brass were prepared in acidic or
alkaline atmosphere with or without sandy incrustation. The whole process of
plasma treatment was monitored by optical emission spectroscopy. Relative
intensity of OH radicals and rotational temperature of 600 K were calculated from
the obtained data. The sample temperature was monitored by the thermocouple
installed directly inside the sample. The correlation between OH radical intensity
and sample temperature was observed. The incrustation at samples prepared in
chloric acid vapor decreased the maximal temperature due to the shielding effect
that decelerates the plasma chemical removal of corrosion layers. On the other
hand, in the case of samples prepared in the ammonia atmosphere, the incrustation
had an opposite effect due to intense heating of the sample during the reaction with
oxygen presented in the outer corrosion layers (mainly at sandy grains).
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In the last part, temperature effect on the non-corroded brass samples with
different size was monitored. The maximal sample temperature was directly
proportional to the linear size (or the third root of weight) of the treated sample.
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Abstract. The low-temperature low-pressure hydrogen based plasmas were used to study the
influence of processes and discharge conditions on corrosion removal. The capacitive coupled
RF discharge in the continuous or pulsed regime was used at operating pressure of 100-200 Pa.
Plasma treatment was monitored by optical emission spectroscopy. To be able to study
influence of various process parameters, the model corroded samples with and without sandy
incrustation were prepared. The SEM-EDX analyzes were carried out to verify corrosion
removal efficiency. Experimental conditions were optimized for the selected most frequent
materials of original metallic archaeological objects (iron, bronze, copper, and brass).
Chlorides removal is based on hydrogen ion reactions while oxides are removed mainly by
neutral species interactions. A special focus was kept for the samples temperature because it
was necessary to avoid any metallographic changes in the material structure. The application of
higher power pulsed regime with low duty cycle seems be the best treatment regime. The low
pressure hydrogen plasma is not applicable for objects with a very broken structure or for non-
metallic objects due to the non-uniform heat stress. Due to this fact, the new developed
plasmas generated in liquids were applied on selected original archaeological glass materials.

1. Introduction
The conservation/restoration operations are applied widely in practice for various historical objects.
Conservation means a human activity (direct or indirect) which is aimed at increasing their expected
life or damaged objects or their collections [1]. The father of modern archaeological conservation is
Friedrich Rathgen [2]. Restoration means only a direct human activity. It is aimed at ensuring that the
damaged object in a collection gets its aesthetic (sometimes original) or historic look [1].

The conservation/restoration of excavated archaeological objects is a very important procedure to
keep these unique historical documents for future generations. The main conservation goals are
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elimination of corrosive agents and stimulators of corrosion (mainly chlorine ions), removal or
reduction of corrosions layers (i.e. discovering the original objects surface) and finally, protection
against further corrosion during the object storage [3].

The excavated ancient objects are made of various materials depending on the historical epoch. The
majority of objects is made of metals (mainly iron and bronze), glass or ceramics. The objects are
commonly affected by various corrosion kinds with different intensity. The given state of any objects
is dependent on many facts, mainly on object material, artefact manufacturing technology (strongly
dependent on the epoch and locality), storing duration between manufacturing and excavation, and
composition of corrosive surrounding. The storage conditions between object excavation and
conservation as well as precedent conservation procedures must be included, too, if object is not
conserved immediately after excavation. Thus every object, even excavated at the same locality, is
original with its own history.

Cleaning of archaeological artefacts surface is an irreversible process. Its main task is revealing the
original surface or its remains if the object is too damaged. Classical cleaning methods used in practice
are surface mechanical methods, solvent-based methods, and chemical methods.

The mechanical cleaning methods include a manual removal of dust usually by fine cloth, an air
cleaning (vacuuming and blowing air), a mechanical cleaning with handy instruments (scalpel, saber,
dental drill, etc.), a removal of non-functional surface coating systems of organic origin using heat,
vibration and ultrasonic cleaning, abrasive methods, blasting, grinding and polishing, scrubbing, and
laser. Application of nearly all these techniques induces a great mechanical and sometimes also local
thermal overheating that can lead to non-wished object damage [4].

Cleaning with solvents and solutions transform impurities and corrosion compounds into the
solution and it leads to their washing out. Distilled water is used very often because it is cheap and its
polar character wets metals and corrosion products very well. Various surfactants are added into the
cleaning water solution or pure organic solvents are applied if impurities are of organic origin
(varnishes, oils, waxes, etc.).

The principle of chemical cleaning procedures is the conversion of chemical impurities using
specific chemical reactions. Alkaline solutions (like sodium hydroxide or ammonia water solutions)
remove organic as well as inorganic impurities. Although many of corrosion products are soluble in
acidic solutions very well, secondary corrosion initiated by these solutions could be the serious
problem. The electrochemical cleaning of metals is another possible surface cleaning method. During
the electrolytic cleaning, the metal core of the treated object is connected to the negative pole of an
external source, and it becomes cathode. The anode can be carbon, stainless steel or other electrically
conductive material [5]. The last chemical cleaning method is the use of complex forming agents.
These are water-soluble chemical compounds that form soluble complexes with the metal ions. For
example, Chelaton Ill, polyphosphates (removal of lime crusts on the surface of archaeological
artefacts) or thiourea (cleaning silver corrosion products) are often used in practice [6].

All these classical conservation procedures are typically men powered (mechanical conservation)
or time (other) consuming. Thus there is a task to develop some other or additional procedures that
will allow reducing these demands.

One of the alternative modern methods of cleaning is a plasma chemical treatment of
archaeological artefacts. The great advantage of the plasma treatment is the fact that it is a "dry way"
process that can be simultaneously applied on more objects depending on their kind and device
dimensions. This prevents further corrosion, which may be caused by the presence of an aqueous
environment. Also, there is no dissolution of the metal itself, as for example in aqueous solutions of
Chelaton Ill. The complete removal of corrosion layers using the hydrogen based low pressure plasma
is not possible from all materials. It was confirmed for silver made objects, only [7]. In other cases, the
corrosion layers are not removed fully but they start to be much brittle and thus significantly softer
mechanical or shorter chemical cleaning can be applied. Of course, some disadvantages of plasma
chemical treatment exist. If the treatment is carried out at high power and continuous mode, object
could be damaged by high temperature itself or indirectly by non-uniform thermal stress. The surface
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layer called patina presented at the copper based materials surface (bronze or brass) can be damaged,
too [5], and thus some historical information can be loosed.

One of the first mentions of the reduction by the low temperature plasma comes from Daniels, who
was able to reduce polluted layers of silver back to silver. He treated Daguerreotypes, too [8].

At mid-80s, Stanislav Veprek from the Institute of Inorganic Chemistry, University of Zurich
successfully applied plasma chemical reduction on various ancient metallic objects [9]. The plasma
chemical equipment consisted of the discharge Pyrex glass tube (diameter of 15 cm, length of 45 cm)
with two outer water cooled electrodes which were connected to the RF generator (80 MHz, 2 kW).
Hydrogen and some hydrogen based gas mixtures were used in his studies. The temperature was
measured by a mercury thermometer placed inside the reactor. The treated objects were hung on a thin
iron wire or lying on a quartz glass grid. Veprek's group treated mainly iron objects and temperature
during the process could not exceed 400°C [10]. Later experiments confirmed that such temperature is
too high to prevent local crystallographic changes in iron based materials, and thus contemporary
museums workers require lower temperatures, in case of iron not exceeding 200°C. This temperature,
as was confirmed recently, should be too high for some other metals, mainly for bronze.

Plasma reduction technique has been applied at Swiss National Museum since 1994,
Radiofrequency generator (27 MHZz) is used, and the gas pressure (hydrogen and argon) is 15—40 Pa.
Iron and silver artefacts were treated [11].

In the Central Bohemian Museum in Roztoky u Prahy (Czech Republic), the plasma chemical
equipment was used at the Department of Conservation Collections since 1996. Unfortunately, this
equipment was damaged by floods in 2002 and was not rebuild yet.

Our research group has a good collaboration with Technical Museum in Brno where a big plasma
chemical experimental device (diameter of 40 cm and length of 150 cm) is installed under the
Methodical Centre of Conservation (MCK). Thus our results presented later are immediately applied
in the conservators practice.

However, the low-pressure low-temperature hydrogen based plasma is non-applicable on objects
with broken structure as well as on glass and ceramics. The application of plasma jets penetrating into
liquid was tested for the corrosion removal from glass samples [12]. Recent progress in the field of
electrical discharges generated directly in liquids allowed application of devices used in plasma based
surgery for the surface treatment of ancient objects.

The presented paper gives our recent results and progress in the field of low-temperature low-
pressure plasma application on metallic model samples. The second part gives the first results of
discharges in liquids application on the corrosion removal from ancient glass objects.

2. Experimental set up

2.1 Low-temperature low- pressure RF device

The plasma treatment was carried out using the experimental set up depicted in figure 1. The Quartz
cylindrical reactor (90 cm long and 9.5 cm in the diameter) was surrounded by two external copper
electrodes supplied by a radio-frequency generator (13.56 MHz) through an automatic matching
network. The sample was placed onto a glass grid holder (consisting of two parallel Pyrex tubes, with
outer diameter of 6 mm, fixed at the ends of reactor) at the rector central part. The experiment took
place in pure hydrogen (99.9 %) or various hydrogen-argon mixtures at pressure around 160 Pa and
constant total gas flow rate of 50 sccm. Samples were treated at different applied RF plasma power of
100 W, 200 W, 300 W and 400 W in a pulsed mode with a selected duty cycle of 25-100% with
frequency of 1 kHz. The treatment duration was up to 120 minutes.

During the plasma chemical reduction, hydrogen and argon ions, radicals and excited molecules
react with oxygen and chlorine that are the main elements of the corrosion layers (see in [13, 14]). OH
radicals and HCI molecules are formed by these reactions. The OH radicals were monitored
continuously by the optical emission spectroscopy using the Ocean Optics HR4000 spectrometer with
2400 gr/mm grating. An optical fiber was placed at a quartz window mounted at the reactor axis. Data
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obtained from this method were used to calculate integral intensities of OH radicals that were used for
the process monitoring according to the procedure described in [15]. The HCI presence was directly
confirmed by IR absorption spectroscopy because no HCI bands were found in the emission spectra.
HCI presence was also confirmed indirectly by a consequent corrosion of aluminum parts downstream
of the discharge. To avoid the pump oil damage by the HCI molecules, a liquid nitrogen trap with
aluminum wires was added into the pumping system.

Temperature of the sample during the treatment was measured by a K-type thermocouple installed
5 mm inside the sample metallic body. To avoid electromagnetic induction influence on the measured
temperature, the temperature values were read out at the end of the 5 s discharge break.

AT

PC

Figure 1. Scheme of the low-temperature low-pressure RF plasma device:

1, 2 — high pressure bottles; 3,4 — on/off valves; 5, 6 — mass flow controllers; 7 — needle valve;
8 — capacitance gauge; 9, 10, 11 — on/off valves; 12 — liquid nitrogen trap filled by aluminum wires;
13 - butterfly valve, 14 — rotary oil pump, 15 — RF generator; 16 — matching network; 17 — copper
electrodes; 18 — quartz optical fiber; 19 — treated sample; 20 — glass grid holder; 21 — Quartz reactor;
22 —thermocouple.

Model samples used in the presented study were prepared from the most common archaeological
metals using hydrochloric acid vapor (for iron, copper, bronze and brass samples) and ammonia
solution (for brass samples, only). Two different sets were prepared: The first one with a pure
corrosion layer, the second one with a sand incrustation for better simulation of the real situation of an
excavated archaeological artifact. The samples preparation was described in details in [16].

The composition of the corrosion layers is typically very complex [3]. Various oxides and chlorides
(both also hydrogenated or with crystalline water) were detected by XRD analysis. The elementary
abundance was obtained by SEM-EDX analysis.

2.2 Plasma operating in liquid

Plasma was created by a special multielectrode device which principal scheme is shown in figure 2. It
is a high-performance instrument which is commonly used in biomedicine at the present time. This
system even allows a direct contact with the targeted sample. This system operates as a multi-electrode
setup with a driving circuit producing 100 kHz RF bipolar square wave at relatively low voltage
signals (up to 600 V). Current was determined via voltage drop at known resistance. The main factor
for the treatment was obviously the solution conductivity which depended on temperature and added
salt concentration and the distance between the treated sample and the electrode. Further, the presence
of other dissolved or suspended particles or nearby physical structures had a inconsiderable influence.
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The discharge chemistry in each specific instance was also affected by the applied current. The
optimal experimental conditions for the archaeological artefacts treatment were obtained using 0.9%
water solution of sodium chloride (solution conductivity of 13 mS-cm™). The best distance between
the treated surface and the front of the multi-electrode head was about 1 mm, and the optimal applied
power was about 5 W.

Figure 2. Left: The scheme of the experimental set-up: 1 — treated sample; 2 — powered electrode;
3 — water solution; 4 — insulator; 5 — grounded electrode; right — electrode head and electrode head
under operation.

The underwater discharge was used for the glass samples treatment. Presented results were
obtained using the real archaeological artefacts which have laid in the soil since 17""-18" century. The
beads and the ceramics were from different locations (Mistfin, Moravi¢any and Brno, Czech Republic)
and the waste from blowing glass, glass from vessels and ingots from glass were found in the pond
Hut'sky, Josefov, Czech Republic.

3. Results
3.1 Treatment of metallic samples by low pressure device

The example of the sample temperature and OH radical intensity that reflects corrosion removal
process is given by figure 3 for iron corroded samples without and with incrustation.
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Figure 3. Temperature and OH radical intensity during the plasma treatment of iron samples at
applied power of 400 W.

It can be seen that the OH intensity increases at the beginning of the process at both cases. This
intensity increase is faster in case of the incrusted sample. When the slightly bounded oxygen at
incrustation layers is removed, the rest of incrustation plays a shielding role and thus the plasma active
particles do not interact directly with the corroded surface. Consequently, the OH radical intensity
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drops down. This is the probable reason why OH radical intensity is lower after the initial peak in case
of sample covered by corrosion with incrustation.

The temperature of the non-incrusted samples increased during the first 30 minutes of the plasma
treatment, and after that it remained constant. During the treatment of the incrusted samples, much
faster but only a temporal increase of temperature was observed. After that, the temperature was
significantly lower in contrary to the non-incrusted samples as it can be seen from figure 3. In this
case, the maximal temperature was even higher than the maximal temperature of the non-incrusted
sample.

Temperature dependences on applied power showed that the maximal temperatures were
significantly lower at the lower applied powers. Due to the fact, no temperature peak at the process
beginning is observed. The similar results have been obtained for all used metals [16].

To verify the influence of sample size and shape on the maximal temperature during the plasma
treatment, two sets of non-corroded samples of different weight were prepared for each studied
material. The first set contained samples of almost cubic shape (in graphs they are denoted as volume
samples) and the planar samples of 2 mm thickness were in the second one. These samples were
treated in plasma under the standard conditions described above (pressure and hydrogen flow) at
applied power of 300 W in the continuous regime. Applied power of 150 W was used for the bronze
samples treatment due to higher temperature sensitivity of this material. An example of temperature
evolution of selected brass samples was shown recently [16]. The temperature increase is slower if a
bigger sample is treated, and the thermal stabilization takes longer time. The maximal temperature
increases with the sample mass (see figure 4). After this measurement, the same samples were
corroded in HCI vapor in sandy environment to prepare corrosion with incrustation, and the
experiment was repeated. The temperature time evolution was according to combination of results
described above in text and in figure 3. The maximal temperatures for copper and brass samples are
given in figure 4, the other materials showed similar behavior.
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Figure 4. Maximal sample temperatures reached during the plasma treatment of non-corroded and

corroded with incrustation samples of different shape; left — copper; right — brass.

This figure clearly shows that maximal temperature is exponentially proportional to the sample
mass. This means that the sample heating is dominantly due to the direct interaction with plasma
active particles (note that neutral gas temperature calculated from OH radicals is 300-350 °C [17])
and the inductive heating by RF field generating the plasma is negligible. Therefore, planar samples
are heated to a slightly higher temperature. Corrosion layers removal leads to a significant increase of
the maximal temperatures, mainly in the case of the planar samples. The corrosion layers influence is
much higher in case of brass. The process is also dependent on the plasma treatment conditions,
mainly on the applied power. Nearly no difference between samples with and without corrosion was
observed for bronze samples that were treated at half applied power (hot shown here).
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The previous results showed importance of the applied power with respect to the treated object
maximal temperature. Particles generated in plasma have some lifetime, and thus we have tried to
verify the role of the post-discharge period on the corrosion removal process. A lot of experiments
have been carried out with different applied power and the duty cycle. An example is shown in figure
5 left. It is clearly visible that the corrosion removal is enhanced by the increasing applied power and
it is slower at shorter duty cycles. By other words, it is strongly dependent on the mean energy. If
mean energy is too low, the corrosion removal is too slow or even inefficient. On the other hand, too
high mean applied power leads to too high maximal temperature (see figure 5 right) during the
processing, and thus the crystallographic changes can be induced. Adjustment of the treatment
conditions is more complicated in case of bronze due to the local overheating in the surrounding of ion
impact to the surface that can lead to an unwanted evaporation of tin from the sample surface. It can be
pointed that the maximal temperature is lower at higher applied power during the pulse with the lower
duty cycle at the same mean power as it can be seen from figure 5 right.
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Figure 5. Left — influence of applied power and duty cycle on the evolution of OH radicals during the
plasma treatment of iron samples; right — maximal brass sample temperatures as a function of applied
power and duty cycle.

The elementary analysis of surface layers showed a significant difference of corrosive elements
abundance depending on the treatment conditions as it is shown in figure 6. The comparison of the
pulsed and the continuous regime of plasma treatment is also included. It can be seen that the amount
of oxygen and chlorine decreases with increasing applied power in the continual regime. The same
dependence of oxygen concentration can be seen in the pulsed regime. The concentration of chlorine is
more or less independent on the duty cycle parameter. This means that oxygen compounds removal is
more dependent on the applied mean power or sample temperature. Chlorides removal is dependent on
the absolute value of the applied power during the active part of the duty cycle. Thus, it can be
concluded that chlorides removal is mainly due to the reaction of hydrogen ions with surface
compounds, but oxygen compounds are decomposed by hydrogen ions as well as by neutral hydrogen
atoms.
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Figure 6. Material analyzes of HCI vapor corroded iron samples after plasma treatment at different
powers in continuous mode (left) and at 400W in pulsed regime (right).

3.2 Treatment of non-metallic samples by plasma generated in liquids
An example of the glass vessel treated by the discharge in liquid is given in figure 7.
50

45 - m before treatment m after treatment
i ..

35 -

30 -
§25 ]

20 -

15 -

10 -

i FORY W P

o L il o - - . ‘

o P 5 Cl K Ca

Ti Mn  Fe

Ma Mg Al Si

Figure 7. Plasma treatment of glass vessel: top left — vessel before and after treatment at marked
areas; top right — comparison of elementary composition of the surface layers; bottom left — boundary
between non treated and treated areas; bottom middle — high resolution SEM of non-treated area;
bottom right — high resolution SEM of plasma treated area.

The treated areas are marked by circles. Surface structure changes are visible even by the naked
eye and they were fully confirmed by SEM/EDX analysis. The plasma treated surface is smooth
without any remarkable corrosion structures (see SEM image on the bottom right). Corrosion layers
consist mainly of various oxides [18]. The EDX analysis showed that some elements coming from
corrosion layers (like sulphur or chlorine) were fully removed. Surface concentrations of sodium and
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aluminum were slightly decreased due to the plasma treatment. On the other hand, concentrations of
potassium and calcium increased because these elements originate from the bulk glass. This is in the
agreement with the processing technology used in the given locality where mainly these elements were
added as a potash and lime during the glass manufacturing.

The second example is the application of the multielectrode device on another ancient glass vessel
(see figure 8). Obtained results are similar as in the precedent case. Also in this second example, the
successful restoration of the original surface was reached and corrosion layers were successfully
removed.

®mbefore treatment @ after treatment

Figure 8. Plasma treatment of another medieval glass vessel. Legend is the same as for figure 7.

Finally, figure 9 shows result of the application on a glass bead. The restoration of the original blue
color is well remarkable. Detailed SEM-EDX analyzes showed more or less the same results as in both
precedent cases.

Figure 9. Medieval glass bead before (left) and after plasma treatment (right).

4. Conclusion

Two different plasma systems have been used for the corrosion removal. The low-temperature low-
pressure hydrogen based plasmas were used to study the influence of processes and discharge
conditions on corrosion removal from metallic artificially prepared samples. The capacitive coupled
RF discharge in the continuous or pulsed regime was used at operating pressure of 100-200 Pa. To be
able to verify the transfer of this laboratory study to practice in the conservation of ancient
archaeological objects, the model corroded samples with and without sandy incrustation were
prepared. The plasma treatment process was monitored by optical emission spectroscopy of OH
radical that is produced during the decomposition of oxides contained in corrosion layers. Plasma
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treatment conditions were optimized for the selected most frequent materials of original metallic
archaeological objects (iron, bronze, copper, and brass). The special focus was kept for the samples
temperature because it was necessary to avoid any metallographic changes in material structure.
Results show that object maximal temperature is higher if the object has more planar shape and
increases if incrustation layers are presented. Incrustation also leads to the shielding effect, and thus
the plasma treatment must be applied in more steps where the mechanical removal of incrustation
must be employed between particular plasma treatments. Application of the pulsed plasma regime
increases the removal energy efficiency and decreases the maximal sample temperature, but there are
some limits dependent on the treated material, especially in case of bronze where temperature over
150 °C is undesirable. The removal of oxides is mainly caused by reactions with neutral species while
chlorides are decomposed mainly by interactions with hydrogen charged particles.

The low pressure hydrogen plasma is not applicable for objects with the very broken structure or
for non-metallic objects due to non-uniform heat stress. Due to this fact, the plasma generated directly
in liquid phase was applied on selected original ancient glass objects. The successful corrosion
removal was obtained without any damage of the treated objects. The detailed research in this new
direction will be a subject of further studies.
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Abstract. An effective and fast way of restoration and preservation of archeological arti-
facts is described. The process is based on using RF low-pressure hydrogen plasma in
which the artifacts are treated for several tens of minutes. It proves that both hydrogen
atom reduction and thermal decomposition are important. Temperature depends on used
regime (continual or pulsed). Our results show that pulsed regime can be effectively ap-
plied in the corrosion removal process. The value of integral intensity of OH radicals
measured by OES monitors the reduction process in plasma.

1. INTRODUCTION

Plasmachemical reduction of corroded samples was discovered as a by-product of
research of plasmachemical deposition. Plasmachemical treatment of archaeologi-
cal artifacts is a relatively new technique developed by Veprek mainly for iron ob-
jects during the 1980s (Veprek et al. 1985, 1987). The method is based on a partial
reduction of the incrustation and corrosion layers by RF low pressure hydrogen
plasma. It induces changes of structure and constitution of corrosive layers of met-
al objects. The reduced layer of objects becomes brittle and can be removed easily
by conservators and thus decreases mechanical stress to the objects (Kotzamanidi
et al. 2002).

Corrosion of samples buried in soil or in seawater is a complex electrochemical
process which chlorides penetrate from the environment through the corrosion
layers toward the metallic surface (Neff et al. 2005, Réguer et al. 2007, Wang et
al. 2008). Because of the low oxygen content in the soil and because of the forma-
tion of various protecting layers which inhibit corrosion, the object often survives
two thousand years buried in the soil with relatively little corrosion. However, af-
ter excavation, when it is exposed to air of humidity, a fast postcorrosion is in-
itiated which usually leads to a complete corrosion damage (Veprek et al. 1985,
1987).
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2. THE SAMPLE

Each of archaeological objects is original and has its “corrosion history. Universal
way of corroded object treatment is difficult or even impossible to propose. This
problem was solved by means of model samples (identical material and corrosion)
which were compared with results in dependence on treatment conditions.

We used the most often materials of archaeological artefacts: iron and bronze
(Cu-Sn). We prepared three sets of metal samples in different corrosive environ-
ments. The model corroded metal samples were prepared on iron and bronze with
defined roughness (samples were grinded by abrasive paper P 280, it means 280
solids per square inch) using HCI vapor (for one week) and HNO; and H,SO, ac-
ids (by dipping for 3 seconds and one week storage in desiccators). The main cor-
rosive agents acting in corrosion process were chlorides, NOx, SOx. Corrosive
layers were analyzed by EDX-SEM (Energy Dispersive X-ray analysis - Scanning
Electron Microscope) that determined surface elementary constitution.

The experiment was done in Quartz reactor (i.d. 10 cm, length of 90 cm) with
outer copper electrodes. The capacitive coupled RF power supply (frequency of
13.56 MHz) gave the total power up to 600 W in continuous or pulsed regime. We
used only pulses with duty cycle of 50% and 25%. Flowing plasma was created in
pure hydrogen at pressure of 100 Pa. The applied discharge power was 100—
500 W depending on the duty cycle. Temperature of samples was measured by
means of thermocouple installed inside the sample.

The optical emission spectroscopy of OH radical was used for the process
monitoring. Atomic hydrogen reacts with oxygen from corrosion layers and forms
OH radical. This OH radical emits in UV area of spectrum (305-325 nm). Its
integral intensity was used for the quantitative analysis of oxygen removal from
the corrosion layer. Plasma treatment was stopped when the value of relative in-
tensity of OH radicals reached one tenth of its maximum (Cihlai 2005). Simulta-
neously the rotational temperature was calculated. The plasma treatment duration
was 40—120 minutes depending on the duty cycle and corrosion layer kind.

3. PRELIMINARY RESULTS

Very good corrosion removal was observed at samples treated in continual regime
plasma but significant heating of samples was observed, too. Treatment in pulsed
regimes required higher powers applied during the pulse but the average energy
was lower and thus the sample temperature was not such elevated. Rotational tem-
perature was in both regimes around (600+£100) K.

High temperature can induce metallographic changes of metal bulk material
and therefore damage of samples. For example temperature of metallographic
changes of iron artifact is over 520 K that was proved by D. Perlik from Central-
bohemian museum (Perlik 2001). Measured temperature of samples was around
430 K in continuous regime and around 370 K in pulsed regime. Temperature was
not such high in the pulsed regime as in the continual regime because the sample
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was exposed to plasma with lower mean power in the pulsed regime than in the
continual regime.

Analysis by EDX-SEM showed a substantial removal of chlorides (Fig. 1).
Fig. 1-left shows increase of oxygen quantity. This fact was evoked because the
sample was secondary oxidized on air between plasma treatment and analyzis. In
the case of sample which was corroded in HNOs; (Fig. 2) decrease of oxygen and
nitrogen amount was followed by degrease of nitric molecule quantity. The worst
experimental results were obtained for corrosive layers created by submersion into
H,S0O, (Fig. 3) probably because they had very homogeneous structure (Sazavska
et al. 2010). The sulphate molecules were also very heavy in comparison to chlo-

rides and nitrides, which indicated an important role of sputtering in the corrosion
removal.
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Figure 1: EDX-SEM analysis on surface of sample which was corroded in HCI (left - iron,
right - bronze).
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Figure 2: EDX-SEM analysis on surface of sample which was corroded in HNO; (left -
iron, right - bronze).
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Figure 3: EDX-SEM analysis on surface of sample which was corroded in H,SO, (left -
iron, right - bronze).

Problem of this method is a removal of patinas of bronze. Patina has historical
and aesthetic valuation for historians and conservators. Next problem is expen-
siveness of this method and sphere of archeology suffers from the lack of money.
This fact blocks distribution of this method to museums.

The most significant advantages of this method as compared to conventional
ones are the efficient removal of chlorides and significant reduction of treatment
time (Veprek et al. 1985, 1987, de Graaf et al. 1995). Finer surface details and
memory of instruments (used for object production) can be preserved.
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Plasmachemical treatment of archaeological artifacts is a relatively new technique.
Up to now, it has been used more or less intuitively in practice, but for a widespread
application an exact characterization of the process is necessary. The process is based on
using low-pressure hydrogen plasma in which the artifacts (in this case silver coins and
some pieces of iron) are treated for several hours, usually in more steps. The problem is how
long period of the plasmatic treatment is optimal and how to characterize its efficiency.
From the kinetic point of view, the oxide and chloride molecules reduction is the main
process. Significant, but not very intense radiation of the -OH radical was observed in the
optical emission spectra. Due to the fact that in pure hydrogen plasma the -OH emission
spectra is not overlapped by any radiation, we use its integral intensity in the range of
300 - 330 nm as an indicator of the oxides reduction effectiveness. The -OH radiation
shows specific dependence on time. Initially a fast increase, later a slower non-exponential
decrease. The duration of the -OH integral intensity decrease to the value of 10% of its
maximum can be taken as the end of the reduction. It was found out that during the first
two hours the reduction is completed. Besides, during the plasmachemical treatment of
artifacts in ammonia-water vapour the intensities of the spectral lines of atomic hydrogen
(H* and H?) were measured as a function of plasmachemical treatment time. But in this
case the end of reduction processes was difficult to estimate. The measuring device used
for our experiments could be used in practice for plasmachemical treatment monitoring.

PACS: 52.70.Kz
Key words: optical spectroscopy, archaelogy, plasmachemical reduction, ancient metal
conservation

1 Introduction

Plasmachemical treatment of archaeological artifacts is a relatively new tech-
nique developed during the 1980s [1, 2]. Although this technique was used for
conservation of artifacts whose components are mainly metals, the plasmachemical
process as such was used more or less intuitively [4]. The process is based on using
low-pressure hydrogen plasma in which the artifacts are treated for several hours,
usually in more steps [4, 5, 6]. The problem is how long period of the plasmatic
treatment is optimal and how to characterize its efficiency. The ancient artifacts
always contain some corrosion layers on their surface. The studies focused on the
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composition of the layers show that various oxide and chloride complexes, usually
containing crystalline water too, are the dominant compounds of the layer [6, 7].
Bulk corrosion contains especially chlorides and sulphides while surface corrosion
is caused by oxygen and water.

2 Experimental setup

The principle of plasmachemical treatment is based on the removal of the oxide
and chloride molecules from the corroded surface in low-temperature, low-pressure
hydrogen plasma. The scheme of our experimental device is given in Fig. 1. The
experiment usually takes place at the total gas pressure of 100 —110 Pa and at the
hydrogen flow rate of 100 Sccm. The capacitively coupled RF power supply gives
the total power of 400-450 W. Details concerning the experimental device as well
as the operating conditions can be found in [7].

4

Fig. 1. Experimental setup: 1 - mass flow controller; 2 - Pyrex glass reactor (length 88 cm,
inner diameter 10 cm); 3 - outer cylindrical copper electrodes (length 50 cm); 4 - RF power
supply; b - baratron gauge; 6 - rotary oil pump.

3 Principle of process monitoring

The optical spectrum emitted from the discharge in the part behind the treated
artifact was measured by a spectrometer Jobin Yvon HR 640 coupled with a multi-
channel UV CCD detector. To minimize the disturbing effects we used a relatively
long integration time of 10 s. An example of the experimental spectrum emitted
from the hydrogen discharge is given in Fig. 2.

In the hydrogen discharge, electron collisions with various particles are the most
important ones as demonstrated in [3], for example:

E2 1921 E Czech. J. Phys. 52 (2002)
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Fig. 2. An experimental spectrum obtained during the plasma treatment of an ancient
iron hook in hydrogen plasma and of a silver coin in the ammonia-water vapour 10 minutes
after the beginning of the treatment.

e+Hy(v) 2 e+e+Hi;(v=0-4) (1)
e+H, »e+H+H (2)
In other set of experiments the solution of ammonia was used as a cheap sup-
ply of hydrogen. For ammonia—water vapour treatment the experimental device is
identical with the device mentioned above. In the ammonia—water discharge, the
supposed reactions are as follows:
NH3; +e~ — NHs, + H™ (
NHs +e” - NH+Hs +e™ (
NH; +e= - NHs + H+e™ (5)
NH3z +e” - 2H+ NH + e~ (
NH; + hv — NH,; + H (

3.1 Spectral lines

In the spectrum emitted from the hydrogen discharge, various spectral lines of
atomic hydrogen as well as molecular spectra of -OH radical can be observed. The
-OH radical is created in an active discharge by reactions of atomic hydrogen with
oxygen in the corrosion layers at the artifact surface. Reduction of oxides (in the
case of coin made of copper) probably follows this schema:

Ho+e” —e  +H  +H+e" (8)
nCuy O + H = nCuyO---H = (n — 1)CuyO + 2Cu™ + -OH + e~ (9)
Cut +e” = Cu’ (10)

Czech. J. Phys. 52 (2002) 1921 E E3



Z. Raskova et al.

Due to this fact, the -OH radical spectrum in Fig. 3 can be used as an indicator
of the oxide reduction in plasma. Our numerous experimental data show the most
intense radiation of the Av = 0 sequence of -OH (A2X+ — X2II7) spectral system.
This system is well known, because the rotational structure of this system is used
in many cases for the determination of neutral gas temperature. The overlap of the
-OH spectrum with the nitrogen second positive bands is not observed in our case.
Thus the integral spectral intensity over the whole Av = 0 sequence range can be
used for monitoring of the oxides reduction.

8000

7000 ]
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5000 ]
4000 i

3000 -

Intesity OH [cts]

2000

1000

T T T T T T T T T T T T T T T
295 300 305 310 315 320 325 330 335
A [nm]
Fig. 3. An experimental unresolved spectrum of -OH radicals obtained during the plasma
treatment of the artifact.

Apart from this measurement, the intensity of spectral lines H* and H? was
measured as a function of treatment time during the treatment of artifacts in
ammonia-water vapour discharges. In the spectrum besides spectral lines of H?®
and HP, low intensive spectral band of OH~, -OH, O5, H,O, N5, -NH and -NO also
appeared.

4 Results

The integral intensity of -OH in the spectral range of 305-330 nm as a function
of the treatment duration is given in Fig. 4 showing plasmachemical treatment of an
ancient iron hook. Among the plasmachemical processes, the artifact was treated
by classical conservation methods, both mechanical and chemical. The intensity
dependencies in all four stages show initial strong enhancement of -OH intensity
(during the first 10 - 15 minutes) resulting from the increase in the artifact tem-
perature [6]. Later on, a slower decrease in the intensity can be observed. During
the first stage the main reduction was completed in the first two hours, then the
oxides reduction was much slower and it has an approximately constant rate. After
the layers reduced in the first stage are reduced further on, the plasmachemical re-
duction increases and then slowly decreases. Finally, the plasmachemical reduction

E4 1921 E Czech. J. Phys. 52 (2002)



Diagnostic of plasmachemical treatment ...

ends after approximately 3 hours of the fourth stage.
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Fig. 4. The integral intensity of -OH in the spectral range of 305 — 330 nm as a function
of the iron hook treatment. All graphs are normalized to their maximal values.

Of course, the time dependencies of the plasmachemical treatment necessary
for each stage strongly depend on the treated artifact and on the mechanical and
chemical operations taking place among the individual stages. It could be concluded
from the example given above that there is some optimal treatment duration for
each stage of the plasmachemical treatment.

The results of our spectroscopic observations show that the optimal moment for
interruption of the plasmatic stage comes when more or less constant -OH intensity
is reached and the duration of the -OH intensity decrease to the value of 10 % of
its maximum during the particular stage.

In the case of the second experiment, due to the presence of hydrogen and nitro-
gen compounds and due to their reactions (nitridation) and sorption of hydrogen
on the surface of the artifact, the monitoring of the treatment processes was not too
effective. By means of this method it is difficult to determine the end of reduction
processes as it can be seen in Fig. 5.

Conclusions and prospects

Our experimental spectroscopic observations of the plasmachemical treatment
of archaeological artifacts clearly demonstrate that the measurement of integral -OH
radical spectral intensity in the range of 305 - 330 nm can be used as an indicator
for the plasmatic treatment processes. The time dependence of the -OH intensity
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Fig. 5. The intensity of H* (at 656,279 nm) as a function of the copper and silver coins
treatment time in ammonia vapour.

can provide important information about the number of plasmatic stages needed
for successful removal of oxides as well as information about the optimal duration
of each stage. On this basis the simplified monitoring device can be proposed for
wide use in practice. This device uses the appropriate interference filter passing
the light in the range mentioned above. Due to the fact that the plasma reactor is
made of Pyrex glass and the maximum -OH intensity is 307 nm, the optimal filter
has a maximum transitivity of about 306 nm and band width of about 20 nm. The
photodiode with UV increased sensitivity can be used as a detector. The strong RF
disturbing radiation for the discharge must be eliminated by sufficient electrical
shielding including the input orifice of the detecting device. We have constructed
this device for common use in practice.

We gratefully acknowledge the support from the Czech Ministry of Education, Re-
search Layout No. J07/98: 1431000019.
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1 Introduction

Removal of corrosion layers from archaeological finds is a very important part
of the archaeologists and conservators work. There are various ways how to remove
the corrosion layers, for example washing in acidic or other solutions, mechanical
abrasion, by electrolysis, and so on... . However, these methods can damage
the excavated objects and thus there is large space for development of new more object
friendly technics.

In 1981 V. Daniels tried to clean tarnish silver by glow discharge in hydrogen gas 2.
At the mid 1980’s, S. Veprek successfully used plasma for corrosion removal from iron
artifacts 345,

Chlorine atoms are the main agent for the secondary corrosion that can take place
for long time after object excavation. It is removed traditionally by long wet process using
deionized water or some chemical solutions. This process can be significantly accelerated
using low pressure low temperature plasma. Plasma treated objects have to contain
a minimal amount of chlorides.

In this work, different ratios of working gases (hydrogen and argon) were
compared. Rotary oil pump is applicable for maintaining the vacuum in the system. But
pumping of pure hydrogen is very difficult for the for rotary oil pump, so it is advisable
to use a mixture of hydrogen and argon. In this case there is minimal problem with gases

pumping.

2 Experimental

2.1 Sample preparation

Brass samples with model corrosion layers were used for this work. Corrosion layers
were prepared in wet ammonia atmosphere. Samples were put into desiccator there was
a Petri dish with ammonia solution at bottom. The corrosion process took one month.
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Samples were dried in vacuum for 12 hours (temperature 60 °C) after corrosion process
and kept in special bags containing oxygen and humidity absorbers.

2.2 Experimental setup

The plasma chemical treatment was carried out in Quartz cylindrical reactor. This
reactor is 90 cm long and 9.5cm in the diameter. Radio-frequency electric field
(13.56 MHz) was applied by two external copper electrodes placed at the surface
of cylindrical reactor. Capacitive coupled RF discharge was generated in various mixtures
of hydrogen and argon.

10L__| 1

AT

OES 1 PC

Sl

Figure 1: Schematic drawing of the experimental set-up: 1, 4-hydrogen/argon source; 2, 5-valves;
3, 6-mass flow controllers; 7-air valve; 8-adaptive member; 9-RF power supply and matching
network; 10- thermocouple; 11-outer copper electrodes; 12-sample glass grid holder; 13-sample;
14-Quartz discharge reactor; 15-optical fiber; 16, 17, 20, 21-valves; 18-rotary oil pump; 19-
capacitance pressure gauge; 22-liquid nitrogen trap with aluminum chips

The reactive atomic hydrogen is formed in the plasma discharge. This atomic
hydrogen reacts with the corrosive layer containing oxygen. The reaction between atomic
hydrogen and corrosive layer with oxygen leads to create an unstable OH radical.
OH radicals emit light in the region of 305-320 nm. This radiation is detected
by the optical emission spectroscopy. Integral intensity of OH radicals and rotational
temperature of plasma are calculated from data obtained from optical emission
spectroscopy. Excluding oxygen, corrosion layer also contains chlorides. These chlorides
react mainly with hydrogen ions, and generate vapors of hydrochloric acid, which are
captured by aluminum chips in liquid nitrogen trap. The sample temperature is measured
by a K-type thermocouple installed inside the sample volume.

Corroded samples were treated by low pressure low temperature hydrogen plasma
at different ratios of working gas (hydrogen/argon flow rate of 10-40 sccm). The pressure
was kept at 150 Pa, the power was 200 W in continual mode. Treatment duration was
from 75 minutes up to 220 minutes. Details about gas mixture composition and treatment
times are given in Table 1.
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Table 1: Experimental conditions

Flow rate (sccm)

Treatment time (min) Maximal temperature (°C)
hydrogen argon
10 40 220 234
20 30 100 235
30 20 90 175
40 10 75 209
25 25 90 214

3 Results and discussion

Two main parameters were observed during plasma chemical treatment;
temperature and relative intensity of OH radicals. SEM-EDS analysis was performed after
plasma chemical treatment. In graphs and tables, 10H 40Ar (20 % hydrogen content
of 50 sccm total flow) means flow rate of hydrogen 10 sccm and argon 40 sccm flow rate.
There are samples before and after treatment at fig. 2 and 3. Corrosion layer was colored
blue with white parts before treatment, and brown after treatment.

‘e e
1 {5

Figure 3: One of samples after treatment (20H 30Ar)
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3.1 Sample temperature and relative intensity of OH radicals
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Figure 4: Sample temperature during the plasma chemical treatment

Samples temperature increased during about the first 25 minutes. Temperature was
constant after this time. The maximal temperature was observed during treatment
of samples 10H 40Ar and 20H 30Ar. The lowest temperature had 30H 20Ar sample. This
sample was no significantly heated in contrary to the others samples; its maximal
temperature reached about 175 °C.
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Figure 5: Relative intensity of OH radicals during the plasma chemical treatment
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Relative intensity of OH radicals that directly reflects corrosion removal was
calculated from data obtained during measurement. Relative intensity initially increased,
after that reached maximum value, eventually decreased, and at the end relative intensity
stayed constant. 10H 40Ar sample had unusual process of relative intensity of the OH
radicals. There was no significant maximum at the beginning, but relative intensity
of the OH radical almost invariably decreased throughout treatment and therefore this
measurement lasted 220 minutes.

On the other hand, in case of 40 sccm hydrogen flow rate and 10 sccm argon flow
rate, the treatment lasted only 75 minutes. Pressure was growing during measurement
due to high content of hydrogen, and therefore it was difficult to keep the discharge
at constant applied power.

3.2 SEM-EDS

Samples after plasma chemical treatment were analyzed by SEM-EDS. Every sample
was analyzed integrally over 2 areas of 3.45 x 4.45 um? in two regions. The first region was
only treated (unadjusted - U), the second one was treated and later cleaned by wood pulp
(adjusted - A). The results are summarized in table 2 (weight percentages of elements)
and table 3 (atomic percentages of elements).

A low content of oxygen and chlorides at “corrosion” layers after plasma chemical
treatment is important. Corrosion layer before treatment of brass contained average
20.9 wt%/49.,7 at% of oxygen and 1.6 wt%/1,7 at% of chloride. Sample 30H 20Ar contents
the lowest amount of chloride (see table 2 or 3). In the case of oxygen, significant decrease
of this element was not observed. But decrease of chloride is more important value than
decrease of oxygen because of high amount of chloride can cause a secondary corrosion.

Table 2: EDS analysis — weight percentages of elements
10Ar 40H 20Ar 30H 30Ar 20H 40Ar 10H 25Ar 25H
A u A u A u A u A

o) 15.5 15.5 16.8 19.3 15.8 18.5 13.9 15.6 19.6 17.9
Pb 121 12.1 12.5 2.9 7.2 10.6 7.3 2.5 15.2 8.8
Cl 0.5 0.5 0.0 0.0 0.1 0.0 0.6 0.2 0.4 0.2
Cu 39.8 39.8 47.0 41.2 42.7 53.6 64.5 48.3 49.4 49.1
Zn 32.1 32.1 23.6 36.6 34.2 17.2 13.7 33.3 15.4 24.0

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Elem

Table 3: EDS analysis — atomic percentages of elements
10Ar 40H 20Ar 30H 30Ar 20H 40Ar 10H 25Ar 25H

A u A u A u A u A
O 44.9 48.9 47.9 49.5 42.8 50.1 401 40.6 52.4 47.4

Pb 4.2 0.5 3.6 0.6 1.9 2.8 2.0 0.6 52 3.5

Cl 0.6 0.7 0.0 0.0 0.1 0.0 0.8 0.3 0.5 0.2
Cu 28.4 243 32.7 26.9 31.8 35.9 47.6 35.7 32.3 33.5
Zn 21.9 25.6 15.8 23.0 234 11.1 9.6 22.9 9.6 15.4
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Elem
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4 Conclusions

Model corrosion layers of brass samples were prepared in ammonia vapor. After
that, these samples were treated in low pressure low temperature plasma with different
ratios of hydrogen and argon as working gases. The aim of this study was to find the best
ratio of hydrogen/argon for treatment of archeological artifacts. The ratio 30 sccm
hydrogen and 20 sccm argon flows is the best, because the temperature of sample during
treatment was the lowest. In this case the amount of chlorides was completely removed
from corrosion layer. Elemental composition was analyzed by SEM-EDS. The amount of
oxygen was not too decreased, but the amount of chlorides was lower than before
treatment.
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Summary

Plasmachemical process for conservation of metallic objects is a new way of effec-
tive and fast treatment of corroded objects. Removal of the corrosion products on the
metal objects (model samples or excavated archeological objects) by reactive hydro-
gen atoms in low pressure radio-frequency (RF) hydrogen discharge plasma at low
temperature. The reduced layer on objects becomes brittle and can be removed easi-
ly by the conservators. The presented contribution describes new experiments with
model iron samples and results of analyses by X-ray diffraction (XRD) and Scanning
Electron Microscopy (SEM) / Energy Dispersive X-ray Spectroscopy (EDX).

1 Introduction

For the last twenty years the application of hydrogen plasma in the conservation and
restoration of metallic objects has been investigated in order to determine its poten-
tial and limits for culture heritage objects treatment. The method is still under devel-
opment, and model samples under various experimental conditions are tested. This
process is still under development for conservation of archeological artefacts made of
various materials, and it is used in several technical musea [1].

The method is based on a partial reduction of the incrustation and corrosion layers by
hydrogen discharge plasma. The hydrogen molecule is dissociated to very reactive
species like radicals, ions, and excited hydrogen in plasma discharge. These species
react with compounds from corrosion layers. Corrosion products (like oxides, chlo-
rides, etc.) can be reduced to the pure metal due to the reduction effect of hydrogen.
The application of RF discharge plasma for removing of corrosion layers mainly from
iron objects was developed by Prof. Veprek during the 1980s [2,3].

Plasmachemical treatment is much more shorter than the mechanical or chemical
treatment that have been commonly used till this time. The main advantage of this
method is the fact that it is possible to treat the artefact of big size, the hollow arte-
facts or artefacts with broken relief [4, 5].

2 Experimental part

The samples of size (10x10x5) mm used in our experiments were made of low doped
construction steel (98.9% Fe) that were corroded in vapor of concentrated
hydrochlorid acid for five weeks (see in Figure 1) in dessicator. After this corrosion
process, the samples were kept for 24 hours in vacuum dryer and then the
plasmachemical treatment was applied.
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Figure 1: The Samples: (a) before corrosion; (b) corroded sample.

The simplified schematic drawing of our experimental device is in Figure 2. The cy-
lindrical quartz plasma reactor was with inner diameter of 95 mm and length of 900
mm. The outside copper electrodes were placed on the opposite sides (top and bot-
tom) of the reactor wall. The capacitive coupled RF power supply with frequency of
13.56 MHz delivered the total power up to 600 W in a continuous or pulsed regime.
We used pulses with a duty cycle of 75 %, 50 % and 25 %, and pulse frequency was
1000 Hz. 25% pulse means 0.25 ms discharge on and 0.75 ms off. The plasma was
created in pure hydrogen with gas flow of 50 sccm at pressure of 200 Pa. The real
temperature of sample during the plasma processing was measured by a thermo-
couple installed inside the model sample. Sample temperature did not exceed 200°C
during all these experiments.

The optical emission spectroscopy (OES) of OH radical was used for the process
monitoring by an Ocean Optics HR 4000 spectrometer with 2400 gr/mm grating.
The OH radical spectra in the spectral region of 305-325 nm were used for the proc-
ess monitoring because atomic hydrogen reacts with oxygen from corrosion layers
and forms OH radicals in excited states [6]. Thus OH spectrum reflects the efficiency
of the corrosion removal process [8]. The plasma treatment was stopped when a
value of relative intensity of OH radicals reached one tenth of the maximum OH radi-
cal intensity [7].
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Figure 2: Experimental set-up: 1 — Quartz discharge reactor (90 cm long, i.d. 95 mm);
2 — corroded sample; 3 — glass sample holder; 4 — outer copper electrodes; 5 — gas-inlet
valve; 6 — mass flow controller; 7 — RF power supply and matching network; 8 — pressure
gauge; 9, 10 — valves; 11 — rotary oil pump; 12 — optical fibre; 13 — thermocouple.



3 Results and discussion

The model samples were treated 90-120 minutes under different experimental condi-
tions. The dependencies of OH radical integral intensity and sample temperature on
treatment time were evaluated for all treatment samples. Results for discharge power
of 400 W are shown in Fig. 3 and Fig. 4.
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Figure 3: Dependencies of relative OH radical intensity on treatment time.
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Figure 4: Dependencies of sample temperature on treatment time.



It is visible that maximal intensity of OH radicals and measured sample temperature
depend on discharge regime. The maximal intensity of OH radicals (l,¢OH) was
reached at treatment time of 10 minutes for continual regime; in pulsed regime, the
llOH maximum shifts to the later treatment times with decreasing the effective
power. This indicates slower reduction process of corroded layer. Also the value of
lelOH decreases with decreasing effective power and it reflects smaller amount of
removed corrosion products (respectively slower corrosion removal). It is clear that
higher used power (see Figures 5 and 6) is the best for reduction process but it in-
duces the higher sample temperature. Maximal measured sample temperature was

195°C (400 W in continual regime).

100 W 200 W 300 W 400 W

Figure 5: The images of samples treated in continual regime.
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400 W 75 % 50 % 25%
Figure 6: The images of samples treated at 400 W using different duty cycle.

The corroded samples XRD spectra show presence of rokuhnite (FeCl, - 2H,0) and
akaganeite (Fe** O(OH,CI)). The corrosion layers were analysed before the plasma
treatment by electron microscopy with elementary X-ray spectroscopy (SEM-EDX).
The same analysis was repeated after the plasma treatment.

The elementary analysis of surface layers showed a significant difference of corro-
sive elements abundance depending on treatment conditions as it is shown in Fig-
ures 7 and 8. There is also the comparison of the pulsed and the continual regime of
plasma treatment. It can be seen that the amount of oxygen and chlorine decreases
with increasing power in the continual regime. The same dependence can be seen in
pulsed regime, the amount of oxygen and chlorine decreases with increasing pulse
duration.
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Figure 8: Comparison of sample surface composition — effect of duty cycle.

4. Conclusion

The corrosions as well as their removal are a very complex problem. Plasma chemi-
cal treatment of prepared model corroded iron samples was performed by RF hydro-
gen low pressure plasma. Our experiment was realized at different plasma operation
regimes. The duty cycle was varied from continuous to 25% pulse. The sample tem-
perature and intensity of OH radicals were measured during the sample treatment.
The metal objects warm up due to electromagnetic induction in plasma discharge.
Therefore, temperature monitoring of the treated object is necessary. Strong heating
of the sample can cause metallographic changes which could lead even to a damage
of the metal archaeological artefact. On the contrary, the chemical process of reduc-
tion by hydrogen needs a starting temperature. Sample temperatures were from
55°C to 195 °C in different conditions.



The analyses XRD and SEM/EDX on corroded and treatment samples were per-
formed. The analyses show that the decrease of main corrosion agents as chlorine
and oxygen was achieved by hydrogen plasma treatment.
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